


THERMAL SCALE MODELING TECHNIQUES 

FOR VOYAGER-TYPE SPACECRAFT 

prepared for : 

Jet Propulsion Laboratory 

Pasadena, California 

(Contract 951417) 

Frank Gabron 

Arthur D. L i t t le ,  Inc. 

Cambridge, Massachusetts 

June 15, 1966 

C-66326-02 

This work was performed for the Jet Propulsion Laboratory, 
California Institute of Technology, sponsored by the 
National Aeronautics and Space Administration under 
Con tract NAS7- 100. 



Table of Contents 

Page 

Summary and Conclusions 

Introduction 
I. Literature Review 

Theoretical Studies 
Experimental Investigations 
Discussion 

Theory of Thermal Scale Modeling 11. 

Three-dimensional Temperature Fields 
Two-dimensional Temperature Fields 
Discussion 

111. Special Topics 
Temperature Errors Associated with Temperature- 
dependent Properties 
Role of Radiation Skin Depth in Model Design 
Modeling of Temperature Control Louvers 
Modeling of Multi-layer Insulations (MLI) 
Bolted Joints 
.Isolated Appendages 

IV. Thermal Modeling of a Voyager-Type Spacecraft 
Description of Typical Prototype Configuration 
The Modeling Problem--General Considerations 
lnermai i.iodelir;g zf Spacetrift  Bus 

Structural Frame and Shear Webs 
Electronics Modules 
Temperature Control Louvers 
Solar Array and Supports 
Rocket Engines and Propellants 

-. 

vi 
1 
7 

7 
9 
11 
14 
14 
18 
23 

25 

25 
31 
39 
46 
54  
67 

73 
73 
78 
80 
80 
91 
97 
99 
100 

Thermal Modeling of the Spacecraft Bus and Entry Capsule 
Thermal Modeling of the Entry Capsule Without 

103 
105 

Sterilization Canister 

V. . Scaled-up Appendages 108 

VI. Recommendation of Test Techniques 110 

ii 



List of Tables 

Table 

1 Comparison of Controlling Equations for Model and Pro- 
totype (Three-dimensional Temperature Fields) 

2 Comparison of Controiiing Equations for Model and Pro- 
totype (Two-dimensional Temperature Fields) 

3 Comparison of Controlling Equations for One-dimensional, 
Steady Heat Flow Modeling of MLI. 

4 Comparison of Voyager and Scale-Model Size, Weight, 
and Test Requirements 

5 Relative Effects of Radiation and Conduction in Determin- 
ing Temperature Gradients 

6 Typical Materials Selection for 112 and 115 Scale Models 

7 Temperature Difference of Electronic Modules 

8 Typical Materials for Scaling Propellants 

Page 

17 

20 

27 

79 

88 

89 

92 

102 

iii 



List of Figures 

Figure 

1 TEMPERATURE ERROR FROM PROPERTY VARIATIONS IN A 0.44 
SCALE MODEL USING THE TEMPERATURE PRESERVATION TECH- 
NIQUE 

2 TEMPERATURE ERROR FROM PROPERTY VARIATIONS IN A HALF- 
SCALE MODEL USING THE MATERIALS PRESERVATION TECHNIQUE 

3 TEMPERATURE DISTRIBUTION IN A RADIATING BAR 

4 TEMPERATURE ERROR IN A BAR DUE TO UNCERTAINTIES IN CON- 
DUCTIVITY 

5 TEMPERATURE DISTRIBUTION IN A CIRCULAR DISC IN A RADIA- 
TION ENVIRONMENT 

6 TEMPERATURE ERRORS IN A DISC MODELED WITH NON-SCALED 
THERMAL CONDUCTIVITY 

7 0.43 SCALE LOUVER ASSEMBLY 

8 THERMAL CONTROL LOUVER BLADE ASSEMBLY 

9 ERROR IN LOUVER EMITTANCE DUE TO NON-SCALED 
GAPS--BLADES CLOSED 

10 ERROR IN HEAT FLOW IN A MODEL MULTI-LAYER INSULATION 
BL-4NKET 

11 SCHEMATIC OF CONDUCTIVE BOLTED JOINT 

12 SCHEMATIC OF INSULATING BOLTED JOINT 

Page 

29 

30 

33 

34 

37 

38 

41 

42 

43 

51 

56 

57 

13 TEiERMAL CONSTRICTION RESISTANCE IN A RADIATING HEAT SINK 63 

14 THERMAL BEHAVIOR OF AN ISOLATED APPENDAGE 69 

15 THERMAL BEtiAVIOR OF A SUNLIT APPENDAGE 7 2  

16 OVERALL SPACECRAFT LAYOUT 74 

17 VOYAGER FLIGHT CAPSULE 77 

iv 

arthut 18.XittIe.3nr. 



Figure 

L i s t  of Figures (continued) 

Pane 

18 MARINER MARS 64 TEMPERATURE CONTROL MODEL 

19 THERMAL SCALE MODEL-TOP VIEW 

20 TYPICAL SPACECRAFT STRUCTURE 

21 BOTTOM VIEW - TCM BUS 

22 INTERIOR VIEW - TCM 
23 BAY 6 CONFIGURATION - TEST 3 

24 MODIFIED BAY 6 CONFIGURATION - TEST 4 

25 EFFECT OF SINK TEMPERATURE ON HEAT FLUX THROUGH MULTI- 
LAYER INSULATION WITH NO CONDUCTION 

26 EFFECT OF CONDUCTION ON HEAT Flux THROUGH MULTI-LAYER 
INSULATION 

27 EFFECT OF SINK AT 77.4K ON HEAT FLUX THROUGH CONDUCTION 
DOMINATED INSULATION SYSTEM 

81 

82 

84 

85 

86 

94 

95 

114 

116 

118 

V 



Summary and Conclusions 

Techniques for designing one-half and one-fifth scale thermal 

models of a Voyager-type spacecraft and entry capsule have been studied. 

The objective of the study was to determine the feasibility of testing 

reduced-scale thermal models in a simulated space environment and, from 

the test results, predicting the equilibrium temperatures of a full- 

scale prototype. 

Two techniques for predicting prototype temperatures from scale- 

models were studied. 

made identical at homologous locations in model and prototype. 

One is a technique in which the temperatures are 

The 

other is a technique in which the temperatures are made different in 

model and prototype. 

case are related by a fixed, predictable ratio. Theoretical considera- 

tions show that either technique provides considerable freedom in the 

selection of model materials, and temperature scaling ratios when tern- 

The temperatures in model end prototype in this 

p e r a t ~ r e  fields =re net three-dimensional in the prototype. 

The results of this study indicate that the use of a 1/2 scale 

model, designed in accordance with the temperature preservation tech- 

nique, is the best choice for predicting the temperatures of a Voyager- 

type spacecraft. Significant practical problems exist in modeling the 

thermal characteristics of temperature control louvers, multi-layer 

insulations and bolted joints when temperatures are not preserved in 

model and prototype. 

type, the conductances of thermal paths must also be preserved. Suit- 

able choices of model materials and geometric distortions of the minor 

If temperatures are preserved in model and proto- 
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dimensions ( thickness  of p l a t e s ,  s h e l l s ,  etc.) can be e f f e c t i v e l y  used 

t o  s a t i s f y  t h i s  requirement. From s tud ie s  of t h e  modeling problems 

associated with each of t h e  t w o  techniques, it is concluded t h a t  a model 

designed i n  accordance with t h e  temperature preservat ion technique cannot 

be e a s i l y  modified f o r  use iri predict ing prototype t c p r a t u r e s  when 

temperatures are not  preserved. 

c o n t r o l  louver assemblies, bol ted j o i n t s ,  i n su la t ions ,  and c r i t i ca l  con- 

duct ive heat flow paths  would be required. 

a Voyager-type spacecraf t  at 1 / 5  scale may not  be p r a c t i c a l  because of 

d i f f i c u l t i e s  i n  f a b r i c a t i n g  small, actively-operated,  temperature con t ro l  

louvers.  

of t h e  louver assemblies s e l ec t ed  f o r  t he  f i n a l  prototype design. 

Major modifications i n  t h e  temperature 

It is  a l s o  shown t h a t  modeling 

The f e a s i b i l i t y  of modeling a t  1/5 scale w i l l  depend on t h e  s i z e  

Several  hea t  flow problems are presented t o  i l l u s t r a t e  t h e  r e l a t i v e  

importance of r a d i a t i v e  and conductive e f f e c t s  i n  determining temperature 

d i s t r i b u t i o n s .  

made i n  the  design of a model when temperature d i s t r i b u t i o n s  are control-  

l ed  by r a d i a t i v e  e f f e c t s .  A considerable po r t ion  of t n e  report  is 

d i r e c t e d  t o  t h e  important problems of modeling bol ted j o i n t s ,  multi- 

l a y e r  i n su la t ions  and spacecraf t  appendages. 

The r e s u l t s  are used t o  show t h a t  s impl i f i ca t ions  can be 

A b r i e f  study w a s  made t o  determine t h e  f e a s i b i l i t y  of scaling-up 

s m a l l  spacecraf t  appendages with low power d i s s i p a t i o n  t y p i c a l  of those 

used on Mariner IV. It is concluded t h a t  temperatures measured i n  

thermal tests of fu l l - s ca l e  appendages w i l l  be more accurate  than da ta  

obtained from increased-scale models. 

An ana lys i s  was completed t o  determine the  need f o r  cooling t h e  

i n t e r n a l  shroud of a cold-wall, thermal-vacuum chamber t o  below l i q u i d  

v i i  



nit rogen temperature i n  order  t o  adequately simulate o u t e r  space con- 

d i t i o n s .  

through multi- layer i n su la t ions .  

heat flow are n e g l i g i b l e  compared t o  t h e  i n t e r n a l  power d i s s i p a t i o n  i n  

t h e  Voyager capsule when t h e  shroud is maintained a t  l i q u i d  ni t rogen 

temperature (77.5K). 

Emphasis w a s  placed on determining t h e  e r r o r  i n  heat  l e a k  

The r e s u l t s  show t h a t  t h e  e r r o r s  i n  

v i i i  



Introduction 

Currently, the thermal designer of a spacecraft has at his disposal 

two tools for predicting the thermal performance of a spacecraft in orbit. 

One is a computer model of the spacecraft's thermal characteristics. 

Another is a simulation facility, usually having some type of solar sim- 

ulation together with cooled walls and a high-vacuum capability. 

Some spacecraft, or components thereof, are flown without any 

tests, others are flown on the basis of limited analytical calculations 

and yet others are launched after extensive thermal analyses and tests. 

It appears that the method or methods used to predict performance de- 

pend heavily on the characteristics and requirements of the spacecraft, 

and, in certain cases, on the experience and facilities of the company 

or agency responsible for the development. 

istics of the spacecraft affect the choice of methods used to predict 

thermal performance may be illustrated by considering two examples. 

perfnm.=ace nf many optical instruments is relatively unaffected by 

average temperature level but is critically dependent on temperature 

gradients which may be less than a hundredth of a degree over a rather 

The reasons why the character- 

The 

large dimension. 

predict gradients but experimental predictions would be hopeless. 

versely, some spacecraft, containing mainly electronic packages, are per- 

formance dependent on temperature level. In cases where the geometry, 

surface radiation properties, and heat flow paths are difficult to de- 

scribe analytically, or physical properties are not well known, test 

techniques are more useful in predicting thermal behavior than computational 

techniques. 

Computer techniques are used to accurately and reliably 

Con- 
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With t h e  development of large booster rocke ts ,  spacecraf t  payloads 

have become increas ingly  large and t h e  f a c i l i t i e s  required t o  test l a rge  

s a t e l l i t e s  i n  a simulated space environment have become l a rge ,  complex 

and c o s t l y  t o  operate.  

m a l  tes t  may l i m i t  t h e  number of tests t h a t  can be made during t h e  de- 

velopment of a l a r g e  spacecraf t .  

l a r g e  spacecraf t  with d e l i c a t e  appendages and c r i t i c a l  thermal con t ro l  

su r f aces  is a s i g n i f i c a n t  problem. 

The time required t o  set up and complete a ther-  

Furthermore, t h e  ground handling of 

For these  reasons it appears t h a t  t h e  use  of a thermal model t e s t ed  

i n  a simulated space environment t o  p red ic t  temperatures of a f u l l - s c a l e  

prototype w i l l  provide the  thermal designer with another  too l .  

of thermal s c a l e  models may s i g n i f i c a n t l y  reduce t h e  t e s t i n g  time and 

c o s t s ,  and t h e  ground handling problems. The modeling technique w i l l  

prolong the  use fu l  l i f e  of present s o l a r  s imulat ion f a c i l i t i e s ,  and may 

reduce the  needs f o r  developing larger test f a c i l i t i e s .  In general ,  i t  

would appear t h a t  t h e  use of reduced-scale models, geometr ical ly  similar 

t o  prototypes,  w i l l  be most usefu l .  However, increased-scale models of 

very small components and perhaps even geometr ical ly  d i s s i m i l a r  models 

The use 

may a l s o  be appl ied t o  temperature predict ion.  

I n  order  t o  have thermal s ca l e  modeling be a t t r a c t i v e  as a t o o l  f o r  

p red ic t ing  temperatures i n  complicated spacec ra f t ,  i t  is e s s e n t i a l  t h a t  

t h e - d e s i g n  of t h e  model be  based on a reasonably simple set of s imilar-  

i t y  cr i ter ia  derived from bas ic  heat flow equations.  I f  de t a i l ed  thermal 

s t u d i e s ,  made with computer techniques, were required t o  design the  

model, t he  usefu lness  of t h e  modeling technique would be l o s t .  Simi- 

l a r l y ,  t he  usefulness  of the  technique would be l o s t  i f  a major test 

2 
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program w e r e  required t o  design t h e  model. 

t o  design a thermal model from ex i s t ing  sets of simple thermal simi- 

l i t u d e  r e l a t ionsh ips  using a set  of d r a w i n g s  descr ib ing  t h e  prototype. 

However, previous experience i n  designing a small-scale thermal model 

of t he  Mariner I V  spacecraf t  has shown t h a t  l imi ted  amounts of analysfs 

and some a n c i l l a r y  t e s t i n g  may general ly  be required f o r  model design 

purposes. 

I n  theory,  it is poss ib l e  

A l l  spacecraf t  s t r u c t u r e s  a r e  designed t o  m e e t  c e r t a i n  s t r u c t u r a l  

and thermal requirements, t he re fo re ,  i n  many cases  the  thermal model which 

need not  meet f l i g h t  s t r u c t u r a l  requirements can be made less complex 

than t h e  prototype. Simplif ied analyses f o r  determining whether, f o r  

example, conductive o r  r a d i a t i v e  heat  flow e f f e c t s  are dominant, can be  

e f f e c t i v e l y  used t o  reduce t h e  complexity and, therefore ,  t h e  c o s t s  and 

t i m e  required t o  f a b r i c a t e  t h e  model. 

termine the  thermal behavior and sca l ing  procedures f o r  a p a r t i c u l a r  

bo l ted  j o i n t  whose c h a r a c t e r i s t i c s  a r e  not  a n a l y t i c a l l y  t r ac t ab le .  

procedures are o f t en  required t o  obtain da t a  f o r  use i n  computer simu- 

l a t i o n s  of thermal behavior. Thus, it is seen t h a t  l imi ted  t h e o r e t i c a l  

analyses  and t e s t i n g  w i l l  be use fu l  i n  reducing t h e  complexity of thermal 

models and may be required t o  obtain information f o r  design purposes. 

Test ing may be required t o  de- 

Such 

This  repor t  is  concerned with t h e  problem of modeling t h e  thermal 

behavior of a prototype Voyager spacecraf t  which may be 20 f e e t  i n  

diameter and have a m a s s  g rea t e r  than 5 tons.  

mission t o  Mars are present ly  being developed and it  is an t i c ipa t ed  t h a t  

f l i g h t s  w i l l  occur during t h e  e a r l y  1970's. 

ing  t h e  Voyager spacecraf t  would appear t o  be s u f f i c i e n t l y  long t o  

Plans f o r  the Voyager 

The time schedule f o r  launch- 

3 



permit t h e  use of thermal-vacuum t e s t i n g  of reduced-scale models during 

development. 

experiments and communication equipment whose performance w i l l  be cri t-  

i c a l l y  dependent on maintaining temperatures within c e r t a i n  prescribed 

l i m i t s .  Clear ly ,  i t  would be desirable t o  minimize the mount of full- 

scale t e s t i n g  of such a l a r g e  spacecraft  i n  a s o l a r  simulator.  

The Voyager spacecraf t  w i l l  be equipped with s c i e n t i f i c  

The main purpose of t h i s  report  is  t o  determine t h e  f e a s i b i l i t y  of 

using reduced-scale thermal models i n  t h e  Voyager program as an a id  i n  

t h e  preliminary design and development of t h e  spacecraf t .  Since t h e  

spacecraf t  has not ye t  been designed, a d e t a i l e d  design of a thermal 

scale model cannot be presented. This f e a s i b i l i t y  study is  thus re- 

s t r i c t e d  t o  a somewhat general  discussion of var ious approaches t o  the  

design of a thermal scale model. Most of t h e  t echn ica l  discussion of 

appropriate  s ca l ing  techniques f o r  a Voyager-type spacecraf t  i s  based 

on experience previously gained i n  designing and t e s t i n g  a one-half 

(approximately) scale thermal model of t h e  Mariner I V  spacecraf t .  The 

r e s u l t s  of t h i s  work showed t h a t  a reduced-scale model t e s t ed  i n  a 

s o l a r  simulated f a c i l i t y  can be used t o  p r e d i c t  equilibrium f l i g h t  t e m -  

pe ra tu re s  with an accuracy s u f f i c i e n t  f o r  development of a spacecraf t .  

With few exceptions,  t h e  f l i g h t  temperature predict ions made by use  of 

t h e  model were nea r ly  as accurate  as  p red ic t ions  made i n  pre-f l ight  

tests of t h e  Mariner IV i n  t h e  JPL s o l a r  simulator.  

The e n t i r e  discussion presented I n  t h i s  report  is  based on estab- 

l i s h i n g  t h e  f e a s i b i l i t y  of "steady-state" thermal modeling f o r  a Voyager 

type  spacec ra f t ,  and t h e r e  are several  cogent reasons f o r  so r e s t r i c t i n g  

t h e  study. F i r s t ,  i n  t y p i c a l  t r a n s f e r  o r b i t s  between Earth and Mars, 

4 



the rate of change of solar intensity is so small that spacecraft tem- 

peratures change by only fractions of a degree per day. 

terplanetary cruise temperatures can be predicted from "steady-state" 

test measurements at a series of different solar intensities ranging 

from 1 to 0 . 4 3  solar constants at Earth and Mars, respectively. Sec- 

ond, much of the background work in thermal scale modeling of complex 

spacecraft has been completed using "steady-state" models. Transient 

modeling is judged to be more complicated in practical applications and 

will introduce uncertainties in the model temperature predictions which 

are, at present, not well understood. 

Therefore, in- 

The first part of this report contains a brief review of the lit- 

erature pertaining to thermal similitude in spacecraft, a discussion 

of the theory of thermal similitude, and practical applications of the 

technique. The discussion of the practical applications is purposely 

restricted to two techniques of "steady-state" thermal scale modeling. 

The first being the temperature preservation technique where the tem- 

peratures of model and prototype are made idezt ical  at h s i - ~ h g o u s  ioca- 

tions by use of different materials in model and prototype. The second 

being the "materials preservation" technique where identical materials 

are used in model and prototype. 

and prototype are in fixed ratio at homologous locations. 

tion of these techniques (among others which are available) was based, 

in part, on previous studies of different methods for designing a 

thermal model of a typical JPL spacecraft, and on the results of ex- 

periments carried out with half and fifth scale models using both the 

temperature and materials preservation techniques. 

In this case the temperatures in model 

The selec- 
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The second part of this report deals with the feasibility of 

thermally modeling a Voyager spacecraft at approximately one-half and 

one-fifth scale using both materials and temperature preservation tech- 

niques. 

c i p a l  ~ ~ ~ p g n c n t s  as separate configuratfons. 

of testing techniques to simulate the environment is presented. 

Consideration is given to modeling the spacecraft and its prin- 

Finally, a short discussion 

6 



I. L i t e r a t u r e  Review 

Theore t ica l  S tudies  

The following review of t h e  l i t e r a t u r e  is intended t o  provide the  

reader  with background material on t h e  sub jec t  of thermal s i m i l i t u d e  i n  

spacecraf t .  Vickers (1965) has  presented a survey of thermal scale 

modeling which included d iscuss ions  of t h e  problem, a v a i l a b l e  sca l ing  

techniques and t h e  "state of art." 

ment Vickers '  survey i n  l i g h t  of recent  developments. 

Annotated Bibliography of published papers on thermal s c a l e  modeling is 

presented i n  Appendix A. 

This review is intended t o  supple- 

For re ference ,  an 

A n  e a r l y  d iscuss ion  of t h e  technique of thermal s c a l e  modeling w a s  

presented by O'Sullivan (1957). 

l a t e  t h e  condi t ions of thermal s imi l i t ude  where i d e n t i c a l  materials are 

used i n  model and prototype. 

t u r a l  deformations r e s u l t i n g  from thermal and ex te rna l  loading stresses 

w a s  presented.  

Dimensional ana lys i s  w a s  used t o  formu- 

A r igorous t reatment  of modeling of s t ruc-  

Katz (1962) b r i e f l y  presented the dimensionless groups pe r t inen t  

t o  thermal modeling and l a t e r  Katzoff (1963) presented similar dimen- 

s i o n l e s s  groups and discussed,  i n  some d e t a i l ,  the  app l i ca t ions  of scal-  

ing  techniques from the  p r a c t i c a l  viewpoint. Vickers (1963) a l s o  pre- 

sen ted  the  dimensionless groups and examined the  f e a s i b i l i t y  of using 

d i f f e r e n t  s ca l ing  techniques with geometrically similar models and pro- 

to types .  

appear t o  be p r a c t i c a l .  

v a t i o n  techniques.  

It was concluded that only two methods of thermal s ca l ing  

They are the materials and temperature preser- 

The s i m i l i t u d e  r e l a t i o n s  w e r e  derived f o r  three- 

7 



dimensional, non-steady temperature fields for opaque surfaces whose 

radiative properties can be characterized by the total hemispherical 

emittance and absorptance. Theoretical analyses were made to determine 

the magnitude of temperature prediction errors introduced by variations 

of thermai properties. 

Jones (1964) has rederived the dimensionless groups in different 

nomenclature by considering a set of "n" differential equations that 

describe the temperature of "n" isothermal bodies that are at different 

temperatures. It is suggested that the use of geometric distortions in 

conducting paths will be useful in applying the scaling technique in 

practical situations. Chao and Wedekind (1965) have extended Vickers' 

(1963) analysis by deriving the scaling criteria for both temperature 

and materials preservation techniques with consideration of temperature 

variations of bulk thermal properties and the non-diffuse, non-grey 

properties of opaque surfaces. 

for two- and three-dimensional, non-steady temperature fields. 

effects of inter-reflections are considered and the radiant fluxes are 

defined in terms of directional, monochromatic emittances, reflectances, 

and absorptances. The generalization of the problem introduces some 

complexity in the scaling relationships. It is pointed out that the 

use of materials which exhibit similar temperature dependency can im- 

prove accuracy in modeling with the temperature preservation technique. 

Analyses show that modeling of two-dimensional heat flow patterns can 

be made easier by employing models of distorted thickness. 

The similitude relations are presented 

The 
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Experimental Investigations 

The first known attempts to predict prototype temperatures (as 

measured in test) from tests of reduced-scale models were undertaken at 

approximately the same time by Fowle, et al. (1964) and Wainwright, 

et ai. (13641. Tests of thzmalmodels had been mdertaker. previcusly 

by other investigators, but tests of the prototype were not made, thus, 

a direct analysis of errors in the modeling technique was not available. 

Fowle, et al. (1964) compared equilibrium temperature measurements with- 

in a prototype, which was a simplified version of a typical JPL space- 

craft, with measurements of the temperatures of three, thermally-scaled 

models. Two models (one-half and one-fifth scale) were designed in 

accordance with the temperature preservation technique. 

model was also designed in accordance with the materials preservation 

technique. 

models agreed with the measured prototype temperatures within 3C (5.4F). 

The accuracy of the one-fifth scale model was accurate to within 1OC 

(18F). 

solar simulation. 

A one-half scale 

The results showed that the temperatures of both half-scale 

All tests were performed in a cold-wall vacuum chamber without 

Wainwright, et al. (1964) constructed three sets of models of dif- 

ferent geometry and compared temperature measurements at equilibrium in 

a cold-wall vacuum chamber with solar simulation. The models were all 

fabricated from different materials than their corresponding prototypes. 

The errors in predicting temperatures of a full-scale aluminum cylinder 

with a lead cylinder (55% scale) and a steel cylinder (35% scale) were 

of the order of 5-1OC (9-18F). Part of the error was attributed to the 

experimental procedure. 
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Experiments in thermal scale modeling where transient effects were 

important have been reported by Adkins (1965), Rolling (1965), Jones and 

Harrison (1965) , and Shanklin (1965). 

and Jones and Harrison, were conducted with a cylinder-sphere-plate con- 

figuration modeled at haif-scaie. Geometric distortion of the minor 

dimensions was used to satisfy the scaling requirements. 

was designed so that the cylinder, sphere and plate were nearly iso- 

thermal but different in temperature from one another, thereby eliminat- 

ing the need for scaling conductive effects. 

vacuum chamber without solar simulation showed that the half-scale model 

could be used to predict the temperatures of the cylinder and plate to 

within 8K (14.4F). 

because it was not isothermal. Rolling (1965) tested half and quarter- 

Similar experiments by Adkins , 

The prototype 

Tests in a cold-wall 

The accuracy of results for the sphere was worse 

scale models in steady-state and transient conditions. The test objects 

were heated radiatively (in a vacuum) with tungsten lamps whose inten- 

sity was modulated sinusoidally to provide a periodic temperature-time 

behavior in the test objects. 

the same materials as the prototype and the one-fourth-scale model of 

different materials. Geometrical distortions in minor dimensions were 

utilized in both models to satisfy the transient scaling criteria. 

dictions using either model were generally within 8C (15F) of the meas- 

ured prototype temperatures. 

The half-scale model was fabricated from 

Pre- 

Perhaps, the most extensive test of the feasibility of thermal 

scale modeling was described by Gabron, et al. (1965, 1966). A 0 . 4 3  

scale thermal model of the Mariner IV spacecraft, designed in accordance 

with the temperature preservation technique, was tested (at thermal 

10 



equi l ibr ium) i n  a simulated s o l a r  environment. The temperature predic- 

t i o n s  made by use of t h e  scale-model were compared with Mariner I V  

f l i g h t  temperature da ta .  The prototype and model contained bol ted 

j o i n t s  c r i t i c a l  t o  t h e  temperature d i s t r i b u t i o n s  and included a c t i v e  

temperature con t ro l  louvers.  

ments corresponded wi th in  10F of t h e  f l i g h t  da t a  and 85% were wi th in  

25F. The accuracy of temperature pred ic t ions  made with t h e  reduced- 

s c a l e  model w a s ,  wi th  only s e v e r a l  exceptions,  equivalent  t o  t h e  

accuracy of p red ic t ions  made i n  pre- f l igh t  thermal tests of Mariner 

I V  i n  a l a rge  s o l a r  s imulator .  

Approxhiately 5OX of the m d e l  m a s w e -  

Discussion 

The bas i c  dimensionless groups which de f ine  t h e  s i m i l a r i t y  between 

model and prototype are w e l l  understood f o r  both s teady and non-steady 

condi t ions.  Most of t h e  t h e o r e t i c a l  work has  been devoted t o  s t u d i e s  

of t h e  p r a c t i c a l  app l i ca t ion  and e r r o r s  assoc ia ted  with the  materials 

and temperature preserva t ion  techniques. However, as Rolling (1965) 

has c o r r e c t l y  pointed out  "Considerable r e fe rence  has been made i n  t h e  

l i t e r a t u r e  t o  u t i l i z a t i o n  of 'Temperature Preservat ion '  o r  'Material 

Preserva t ion '  techniques." "While practical  cons idera t ions  may o f t en  

d i c t a t e  ma te r i a l  o r  temperature preservat ion,  i t  is important t o  note  

t h a t  t h e  node1 c r i t e r i a  are entirely genera l  and do not  i n  themselves 

lead t o  e i t h e r  of t h e s e  accepted approaches." Apparently, t he  use of 

t he  terms "materials" o r  "temperature" preserva t ion  has led  t o  a 

c e r t a i n  amount of confusion i n  t h e  l i t e r a t u r e .  I n  f a c t ,  t he re  are 

only two methods €or  p red ic t ing  prototype temperatures from model 

11 



tests. E i the r  t h e  temperatu es re preserved a t  homologous loca t ions  i n  

model and prototype o r  t h e  temperatures are i n  f ixed  but p red ic t ab le  

rat io .  

When t h e  temperature f i e l d s  within spacecraf t  are three-dimensional, 

t h e  temperature nr materials  preservat ion techniques appear t o  be t h e  

only p r a c t i c a l  methods f o r  modeling when t h e  su r face  o p t i c a l  p rope r t i e s  

a r e  preserved. Preserving the  surface o p t i c a l  p roper t ies  may, a t  f i r s t  

glance,  appear overly r e s t r i c t i v e ,  but i n  t y p i c a l  spacecraf t  configura- 

t i o n s  the  problems of i n t e r - r e f l ec t ions  make t h i s  r e s t r i c t i o n  a p r a c t i c a l  

necess i ty .  

Typical ly ,  many spacecraf t  components are fabr ica ted  from t h i n  

p l a t e s ,  s h e l l s ,  tubing, rods,  e t c . ,  where t h e  temperature f i e l d s  are one, 

o r  two-dimensional. 

i t  is  poss ib le ,  by d i s t o r t i n g  t h e  minor geometrical  dimensions of the  

model, t o  use i d e n t i c a l  materials i n  model and prototype and make the  

temperatures i d e n t i c a l  a t  homologous loca t ions .  Conversely, i t  is 

When the  temperature f i e l d s  are not three-dimensional, 

poss ib i e  t o  u s e  d i f f e r e n t  materiais i n  model oiid pietetypc ai16 have the 

temperatures d i f f e r  i n  f ixed ,  pred ic tab le  r a t i o .  The use of geometrical  

d i s t o r t i o n s  i n  t h e  thicknesses  of p l a t e s ,  s h e l l s ,  e t c . ,  provides the  

model designer  with a wide v a r i e t y  of poss ib l e  sca l ing  techniques,  and 

i t  e l imina tes  many of t h e  p r a c t i c a l  problems assoc ia ted  with p e r f e c t l y  

s c a l i n g  a l l  dimensions and choosing materials t o  have spec i f i ed  thermal 

p rope r t i e s .  

Thermal tests of fu l l - s ca l e  prototypes and thermal scale models 

have demonstrated the f e a s i b i l i t y  of the technique i n  both s teady-s ta te  

and t r a n s i e n t  condi t ions.  The errors assoc ia ted  with modeling by e i t h e r  

12 
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preserving or scaling temperatures in model and prototype have been 

determined for models as small as one-fifth scale, for widely different 

geometries, and prototype complexity. 

been obtained in solar simulation tests with a detailed scale-model of 

an actual spacecraft and the resuits compared favorably with telemetered 

flight data. 

contact resistances across bolted joints were successfully modeled at 

steady-state conditions in this case. 

Equilibrium temperature data have 

Actively-operated temperature control louvers and thermal 

Further experimental work is required in scaling bolted joints, 

"super-insulations" and in the whole area of transient modeling with 

active temperature control elements for complicated prototypes. 

Additional experience will improve the accuracy and reliability of the 

technique of thermal modeling, and could possibly change the thermal 

modeling technique from a "development tool" to a usable technique for 

thermal qualification testing--particularly for very large spacecraft. 
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11. Theory of Thermal Scale Modeling 

Three-dimensional Temperature Fields 

The heat flow equation for a homogeneous, isotropic solid with 

internal power generation whose thermal properties are independent of 

temperature or position is given by the equation 

- a 2~ + - - - - = -  a 2~ 1 a~ c 
2 2 2 K a t  k +- a 2~ 

a z  a x  aY 

k where I C = -  
PC 

and T -  

X,Y,Z - 
k -  
K -  

t -  
q"' - 
c -  

P -  

temperature 
coordinate dimensions 

conductivity (w/cmK) 

dif fusivity (cm /see) 
time (sec) 

rate of heat flow per unit volume (w/cm3) 
specific heat (w sec/gr K) 
density (gt/cm ) 

2 

3 

The initial conditions are 

The surface conditions for an opaque solid may be of three types: 

1. Radiation from the surface; 

4 k a T  + E U T  = 0 an 

where 5 denotes differentiation in the direction of the 
outward normal to the surface, and 

E - total hemispherical surface emittance 
u - Stefan-Boltzmann constant 

(3) 
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2. Prescribed r a d i a t i v e  f l u x  i n t o  t h e  surface;  

a T  
a n  -k- + aS( t )  = 0 

2 where S ( t )  - inc ident  r a d i a t i v e  f l u x  (w/cm ) 

0 - absorptance of t5e surface fsr the inc ident  
f lwr  

3 .  Surface i n  contact  with another body 

-k aT + c T ( t ) = O  a n  0 

(4) 

where To(t)  - temperature of contact ing body 

C - thermal r e s i s t ance  between sur faces  
(w / cm2K) 

Five bas ic  dimensionless groups a r e  obtained by inspec t ion  from 

Equations (1-5) using c h a r a c t e r i s t i c  lengths  Lm and L 

and prototype,  respec t ive ly .  

cussion t h a t  t h e  r a d i a t i o n  configurat ion f a c t o r s  between elements w i l l  

be made i d e n t i c a l  i n  model and prototype by geometrically sca l ing  a l l  

major dimensions of r ad ia t ing  surf  aces. 

f o r  model 
P 

It w i l l  be assumed throughout t h i s  d i s -  

= ($1 P 
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P 
= (4) m 

These f i v e  equations can now be used t o  obta in  var ious  modeling 

techniques. Vickers (1963) has shown t h a t  among seve ra l  choices two 

techniques appear t o  o f f e r  advantages i n  s i t u a t i o n s  where the  heat  flow 

f i e l d s  are three-dimensional. They are:  (1) s e t t i n g  t h e  temperatures 

e q u a l  a t  homologous loca t ions  i n  model and prototype, and (2) using 

i d e n t i c a l  materials i n  model and prototype. 

tances  and r ad ia t ion  configurat ion f ac to r s  are made equal i n  model and 

prototype. 

I n  both cases  t h e  e m i t -  

The cont ro l l ing  equations a r e  presented i n  Table 1. From Table 1, 

we see t h a t  t he  temperature preservation technique requi res  t h a t  the  

thermal conduct iv i t ies  and power generation be scaled.  

s ion  may be d i f f e r e n t  i n  model and prototype. 

across  sur faces  i n  contact  and h e a t  f luxes absorbed on sur faces  must be 

The t i m e  dimen- 

Thermal r e s i s t ances  

i d e n t i c a l  i n  model and prototype. 

nique t h e  temperatures of model and prototype are i n  f ixed r a t i o ,  and 

a l l  o ther  va r i ab le s  except material proper t ies  must be scaled.  

n i f i c a n t  l i m i t a t i o n  In  both techniques is t h e  sca l ing  r a t i o  a t t a inab le .  

Using the  temperature preservat ion technique the  s i z e  of t he  model may 

be l imi ted  by ava i l ab le  materials. A one-tenth scale model requi res  a 

material with a conduct ivi ty  one-tenth t h a t  of t h e  prototype. Using 

With the  materials preservat ion tech- 

The s ig-  
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Table 1 

Conmarison of Controll ing Equations f o r  Model 
and Prototype (three-dimensional temperature f i e l d s )  

Technique 1 Technique 2 
Temperature 6 Surface Emittances 
the  Same in Model and Prototype. 

Mater ia ls  & Surface Emittances 
t h e  Same i n  Model and Prototype. 

C 
C 
- m = l  

P 

- -  q L  9 p - 1 
L R qF - m 

- = 1  a s  
P P  
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t he  materials preserva t ion  technique, t h e  absolu te  temperature of t h e  

model i s  higher  than t h e  prototype (a one-tenth s c a l e  model of a proto- 

type opera t ing  a t  300K (80F) would operate  a t  645K (700F)) and t h i s  re- 

quirement poses p r a c t i c a l  problems because of temperature-dependent 

themal prcperties. 

Two-dimensional Temperature F ie lds  

Fortunately,  most spacecraf t  are fab r i ca t ed  from p l a t e s ,  s h e l l s ,  

bars ,  rods,  e t c . ,  where the  temperature f i e l d s  are not  three-dimensional. 

In  cases  o the r  than those with three-dimensional f i e l d s ,  t h e  requirements 

f o r  thermal scale modeling are s impl i f ied  because of t he  f a c t  t h a t  geo- 

metric d i s t o r t i o n s  of t he  minor dimensions ( i . e . ,  the  thicknesses  of 

p l a t e s ,  e t c . )  are permitted providing t h a t  t he  over-al l  geometry is 

re t a ined  f o r  purposes of making r ad ia t ion  configurat ion f a c t o r s  i d e n t i c a l  

i n  model and prototype. 

The s i m i l a r i t y  c r i t e r i a  f o r  two-dimensional f i e l d s  may be conven- 

i e n t l y  obtained by considering the  heat flow i n  a t h i n  p l a t e  of thick- 

ness  6 with an i n t e r n a l  power generation per  u n i t  sur face  area of q". 

The thermal p rope r t i e s  are assumed. independent of temperature o r  pos i t ion .  

The p l a t e  e m i t s  r a d i a t i o n  on one s ide  t o  a non-reflecting medium a t  abso- 

l u t e  zero ,  is i n  contac t  through a thermal contact  r e s i s t a n c e  C with a 

body a l s o  a t  absolu te  zero on the  other s i d e ,  and absorbs r a d i a t i o n  from 

a source of i n t e n s i t y  S ( t ) .  

The d i f f e r e n t i a l  equation f o r  the temperature i n  t h e  p l a t e  is 
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From t h i s  equation, w e  ob ta in  t h e  following dimensionless groups 

[ G ]  m 

[g) m @ ]  P 
ic 

2 

[ * )  m 

[$ ]  m 

[E$) P 
55 

(17) 

Again, we have chosen t o  i l l u s t r a t e  the con t ro l l i ng  equations f o r  two 

techniques,  v i z . ,  one i n  which t h e  temperatures are made i d e n t i c a l  i n  

model i n  prototype a t  homologous loca t ions ,  and t h e  o the r  i n  which the  

temperatures a r e  made d i f f e r e n t .  

and prototype are made i d e n t i c a l .  

sented i n  Table 2. It can be seen t h a t  t he  temperatures may be pre- 

served using Technique 1 by sca l ing  the product k6 where conductive 

e f f e c t s  are important. 

materials and th icknesses  f o r  f ab r i ca t ing  the  prototype,  and e l imina tes  

t h e  need fo r  ob ta in ing  a p e r f e c t l y  scaled conduct ivi ty  which is required 

I n  both cases ,  t h e  emittances of model 

The con t ro l l i ng  equations a r e  pre- 

This provides considerable  freedom i n  choosing 
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Table 2 

Comparison of Controlling Equations for Model 
and Prototype (two-dimensional temperature fields) 

Technique 1 
Temperature & Surface Emittances 
the Same in Model and Prototype. 

= 1  - c 
q; 

m 

P 

C 
C = 1  - 

Technique 2 

Temperatures Different but 
Surface Emittances the Same 

in Model & Prototype. 

.. 

3 

T 3  
P 

Tm = -  - % 
C 
P 

(26b) 
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I 

when t h e  temperature f i e l d s  are three-dimensional.  

(23a) allows t h e  temperatures t o  be made i d e n t i c a l  using i d e n t i c a l  mater- 

i a l s  if t h e  th ickness  is scaled by the  square of t h e  r a t i o  used t o  scale 

t h e  major dimensions. 

are r e l a t e d  t o  t h e  sca l ing  r a t i o  and thermal d i f f u s i v i t i e s .  Natural ly ,  

t he  d i f f u s i v i t y  r a t i o s  of a l l  elements wi th in  t h e  conf igura t ion  must be 

made i d e n t i c a l .  The i n t e r n a l l y  generated hea t  f l uxes ,  absorbed f luxes  

and j o i n t  conductances must be made i d e n t i c a l  i n  model and prototype. 

Note t h a t  Equation 

The c h a r a c t e r i s t i c  times i n  model and prototype 

Technique 2 o f f e r s  many in t e re s t ing  p o s s i b i l i t i e s  s ince  both t h e  

geometric s ca l ing  r a t i o  and temperature r a t i o  between model and prototype 

may be chosen somewhat a r b i t r a r i l y .  

by Equation (23b) i f  t h e  scale r a t i o  is  small and i t  is des i red  t o  

opera te  the  model a t  higher  temperatures than t h e  prototype. 

temperature r a t i o s  t h e  t o t a l  emittances and absorptances i n  t h e  model and 

prototype may d i f f e r  even though t h e  same coat ings  are used because of 

s p e c t r a l  s h i f t s .  

by Equation (26b) which requi res  tha t  t he  j o i n t  conductances sca l e  by 

the  cube of t h e  temperature r a t i o .  

type has  a very high conductance, i t  would be d i f f i c u l t  t o  bu i ld  a model 

j o i n t  with a higher  conductance. N o t e  t h a t  i f  materials are preserved the  

t i m e  scale is  propor t iona l  t o  t h e  square of t he  geometric s c a l e  r a t i o ;  

however, t h e  s e l e c t i o n  of a temperature sca l ing  f a c t o r  (Equation 23b) is  

P r a c t i c a l  l i m i t a t i o n s  are imposed 

A t  high 

Limitat ions i n  the  temperature r a t i o  may a l s o  be imposed 

For example, i f  a j o i n t  i n  t h e  proto- 

f l e x i b l e  s ince  t h e  thickness  r a t i o  may be var ied.  

Chao and Wedekind (1965) have invest igated t h e  s i m i l a r i t y  r e l a t ion -  

s h i p s  when t h e  thermal conductivity and s p e c i f i c  hea t  are temperature 

21 



dependent and expressible as power functions according t o  

- a  - b  k = kT c = cT 

The similarity relations show that for perfect scaling in steady-state 

a = a  (27 j m P 

and for transient modeling 

b - a  = b  - a  (28) m m P P  

To illustrate these results for two-dimensional modeling using Technique 

1, we find that the corresponding equation to Equation (22a) is 

The corresponding 

- 
6 c  m m  = - -  - - tm 

t 6 -  P 
cP P P 

equation to Equation (23a) is 

- -  - - R2 km 'm 

k 6  
P P  

Similarly, for Technique 2 where the temperatures are made different, 

Equation (22b) becomes 

and Equation (23b) becomes 

T 3-am 
- = R 2  

3-a 
T P 
P P 

(30) 
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The conclusions presented by Chao and Wedekind show that difficulties 

exist in choosing materials with proper temperature exponents particu- 

larly for transient modeling of systems where more than one material 

is used. They also conclude that accurate modeling of systems with 

large temperature gradients may be difficult 'iecaiiss of taperatwe 

dependent properties. (The temperature errors associated with modeling 

when temperature dependent properties are considered will be calculated 

for typical applications in a following section of this report. 

will be shown that the magnitude of the errors is small. This observa- 

tion has also been confirmed by Vickers (1963) for the case of steady- 

state modeling of conductive systems with temperature-dependent con- 

ductivity.) 

It 

Discussion 

The similitude relations for thermal modeling in two and three- 

dimensional temperature fields have been presented. 

modeling three-dimensional fields are somewhat restrictive, and the only 

practical techniques available are the temperature or materials preser- 

vation techniques. 

accomplished by either temperature preservations or temperature scaling. 

In either case, allowable geometric distortions in the minor dimensions 

increase the flexibility of applying the similitude relations. 

ing the need for scaling temperature transients considerably reduces 

the practical problems of thermal modeling. 

The requirements for 

Modeling of two-dimensional temperature fields may be 

Eliminat- 

It must be 

sented for the 

emphasized that the similitude relations have been pre- 

general case in which radiation and conductive effects 
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are both important i n  determining temperature d i s t r i b u t i o n s .  

p r a c t i c a l  app l i ca t ions ,  t h e  temperature d i s t r i b u t i o n s  may be dominated 

by conduction o r  r ad ia t ion .  

r a d i a t i v e  e f f e c t s ,  it is unnecessary t o  exac t ly  s c a l e  the  thermal con- 

d u c t i v i t y  of model materials, and conversely, i f  conductive e f f e c t s  are 

dominant it is unnecessary t o  exac t ly  s c a l e  t h e  sur face  o p t i c a l  p roper t ies .  

Such s i t u a t i o n s ,  which are commonly found i n  complex spacecraf t ,  e l imina te  

t h e  need f o r  p rec i se ly  modeling a l l  p a r t s  of t h e  prototype. 

t he  model may contain elements which are: 

ance with a l l  s imi l i t ude  r e l a t i o n s  fo r  e i t h e r  two o r  three-dimensional 

temperature f i e l d s ,  2 )  modeled f o r  only conductive o r  r a d i a t i v e  e f f e c t s ,  

and 3) "mocked-up" t o  provide s t r u c t u r a l  i n t e g r i t y ,  but  are not  thermally 

modeled when t h e  temperatures o r  heat flow pa t t e rns  i n  such elements are 

unimportant. 

I n  many 

I f  t h e  temperature f i e l d s  are dominated by 

I n  genera l ,  

1 )  modeled p rec i se ly  i n  accord- 

A f i n a l  word of caut ion  should be noted with respect  t o  t h e  over- 

s impl i f i ca t ion  of modeling by use of geometric d i s t o r t i o n s  i n  applying 

the  two-dimensional modeling techniques. 

pe ra tu re  f i e l d s  i n  p l a t e s ,  s h e l l s ,  e t c . ,  may general ly  be two-dimensional, 

t h e  hea t  flow p a t t e r n s  around bolted j o i n t s  o r  edges of t h e  p l a t e s  may 

produce three-dimensional temperature f i e l d s .  

thicknesses  i n  such areas may lead to  temperature pred ic t ion  e r r o r s  which 

are d i f f i c u l t  t o  evaluate .  

While i t  i s  t r u e  t h a t  t h e  t e m -  

Gross d i s t o r t i o n s  of t he  
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111.  Specia l  Topics 

Temperature Errors  Associated with Temperature- 
dependent P rooe r t i e s  

Since t h e  b a s i s  f o r  a l l  modeling i s  t o  p r e d i c t  prototype tempera- 

t u r e s  as c l o s e l y  as poss ib l e  from a model, i t  i s  of interest t o  examine 

t h e  magnitude of t h e  temperature p red ic t ion  e r r o r s  due t o  t h e  f a c t  t h a t  

p r a c t i c a l l y  a l l  materials used i n  spacecraf t  have temperature-dependent 

p rope r t i e s .  The d iscuss ion  here  w i l l  be r e s t r i c t e d  t o  s teady-s ta te  

modeling, and i n  p a r t i c u l a r  t o  the  e f f e c t s  of changes i n  thermal conduc- 

t i v i t y  due t o  temperature. 

Vickers (1963) examined t h e  temperature e r r o r s  i n  1/10 scale models 

designed i n  accordance with temperature and materials preserva t ion  using 

a prototype conf igura t ion  which would r e s u l t  i n  l a r g e  e r r o r s  by compari- 

son t o  most elements i n  a t y p i c a l  spacecraf t .  The r e s u l t s  showed t h a t  

t he  maximum e r r o r s  i n  temperature were 0.3% (1K) f o r  t h e  temperature 

preserva t ion  technique and 1 .7% (6K) f o r  t he  materials preserva t ion  

technique. 

1/10 scale is  judged t o  be a very low s c a l e  r a t i o .  

s c a l e  models of t he  l a r g e s t  planned spacecraf t  could now be t e s t e d  i n  

a v a i l a b l e  so l a r  s imulat ion f a c i l i t i e s . )  

These computations are perhaps overly conservat ive s ince  

(One-half o r  1 /4  

I n  order  t o  estimate the  temperature and hea t  flow e r r o r s  i n  more 

t y p i c a l  s i t u a t i o n s ,  w e  consider t h e  s teady flow of heat  i n  an i n f i n i t e l y  

long b a r  los ing  hea t  by Newton's Law of Cooling. 

maintained a t  a constant  temperature T 

with a medium held a t  a constant  temperature To. 

One end of t h e  bar  i s  

and the  bar  i s  exchanging hea t  

For moderate tempera- 

1' 
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t u r e  ranges,  t y p i c a l  of spacecraf t  elements, t he  conduct iv i ty  of metals 

can be represented by an equation of t h e  form 

k(T) = kl + a (T - T1) (33) 

where u - temperature coe f f i c i en t  of thermal conduct ivi ty .  

k - thermal conduct ivi ty  

1 kl - thermal conduct ivi ty  a t  temperature T 

To obta in  an estimate of t h e  e r r o r s  produced by neglec t ing  t h e  

temperature v a r i a t i o n s  of thermal conduct ivi ty ,  w e  have ca lcu la ted  both 

t h e  m a x i m u m  temperature e r r o r  and t h e  e r r o r  i n  hea t  flow i n t o  t h e  bar  

a t  the  end where the  temperature is f ixed  a t  T 

sen ted  i n  Table 3 f o r  f i v e  materials which might be t y p i c a l  of space- 

c r a f t  and model materials. The mater ia l s  chosen have widely d i f f e r e n t  

c h a r a c t e r i s t i c s .  

e i t h e r  l a r g e  p o s i t i v e  o r  l a rge  negative temperature c o e f f i c i e n t s  were 

purposely se lec ted .  The temperature e r r o r s ,  i .e.,  t h e  maximum d i f f e rence  

between the  temperature along a bar w i t h  constant  mndi ic t iy i ty  and t h e  

temperature along a bar  with va r i ab le  conduct ivi ty ,  a r e  l e s s  than 0.3K 

(.5F) f o r  a temperature  span of 50K (90F). The temperature e r r o r s  a r e  

propor t iona l  t o  the  square of t h e  temperature span, so i f  t h e  span were 

made l O O K  (180F) the  maximum e r r o r  would be about 1.2K (2F). The 

e r r o r s  i n  hea t  flow a t  the  end of the  ba r  are less than 2% i n  a l l  cases.  

The r e s u l t s  are pre- 1' 

Mater ia l s  with high and low conduc t iv i t i e s  having 

It i s  now of i n t e r e s t  t o  compute t h e  e r r o r  i n  prototype temperature 

p r e d i c t i o n  made with a model when temperature-dependent p rope r t i e s  are 

considered. 

v ious  paragraphs t o  i l l u s t r a t e  the  e f f ec t s .  To examine e r r o r s  i n  the  

Again w e  have chosen the rod example discussed i n  t h e  pre- 
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temperature preservation scaling technique, we have purposely chosen a 

magnesium prototype with a high positive temperature coefficient of con- 

ductivity, and a beryllium model with a high negative coefficient to 

amplify the errors. (As shown previously, the coefficient should have 

the same sign an4 magnitude foi perfect scaling.) 

ting the prototype temperature are shown in Figure 1 as a function of 

the non-dimensional length of the bar. 

scale, and the length is non-dimensionalized by the factor 

The =.TTOTE in nTPriir- r----- 

The model in this case is 0.44 

where 

2 A =  

A -  

P -  
h -  

- klA 
Ph 

cross sectional area of the bar 

perimeter 
heat transfer coefficient 

( 3 4 )  

From Figure 1 it is seen that the maximum temperature error is 0.4K 

(.7F), and the average error along the entire length is much less. 

that if temperature measurements were made at 

prototype, the temperatures would be identical. Also note that if the 

distances along the bar where temperatures are measured are large with 

respect to A ,  the errors again become very small. At large values of 

x/A conductive effects are negligible. 

Note 

X 7 = 0.606 in model and 

The temperature prediction errors for a half-scale model designed 

in accordance with the materials preservation technique are shown in 

Figure 2. 

ably high temperature coefficient. 

error is less than 0.6K (1F). 

Beryllium was chosen for the illustration as it has a reason- 

The results show that the maximum 
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Based on these  r e s u l t s ,  w e  conclude t h a t  t h e  e f f e c t s  of temperature 

dependent p rope r t i e s  can be neglected i n  t y p i c a l  modeling s i t u a t i o n s  

s ince  t h e  e r r o r s  are s m a l l .  I f  temperatures are preserved i n  model and 

prototype by s e l e c t i n g  d i f f e r e n t  materials f o r  t h e  m o d e l ,  t he  e r r o r s  can 

be made vanishingly s m a l l  by proper choice of t h e  temperature c o e f f i c i e n t  

of conduct ivi ty .  

t h e  temperatures of model and prototype d i f f e r  by l a r g e  r a t i o s ,  t h e  e r r o r s  

i n  temperature p red ic t ion  could become s i g n i f i c a n t .  

no te  t h a t  t h e  magnitude of t h e  temperature e r r o r s  introduced by tempera- 

ture-dependent p rope r t i e s  depend, i n  general ,  on t h e  loca t ion  of t em-  

pe ra tu re  measurements. 

Role of Radiation Skin Depth i n  Model Design 

I f  materials a r e  preserved i n  model and prototype and 

It is  important t o  

To i l l u s t r a t e  t h e  r e l a t i v e  e f f e c t s  of r a d i a t i o n  and conduction i n  

determining t h e  temperature f i e l d s  i n  a n  ob jec t ,  we  w i l l  again consider 

t h e  simple problem of an i n f i n i t e  bar whose temperature a t  one end i s  

f ixed a t  T, .  

environment a t  a constant  temperature T . 
The bar is  exchanging heat by r a d i a t i o n  with a "black" - 

0 

The d i f f e r e n t i a l  equation f o r  

-kA - d2T + cpoT4 = 2 dx 

where A - c ross  s e c t i o n a l  

E - bar  emittance 

P perimeter 

t h e  ba r  temperature is  

4 
€POTo 

area 

(35) 

I f  T1 is  not g r e a t l y  d i f f e r e n t  than To, t h i s  equation may be solved by 

l i n e a r i z i n g  t h e  temperature around To. With t h e  boundary condi t ions 
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T = T a t  x = 0, and T = T a t  x = 0 ,  t h e  temperature d i s t r i b u t i o n  is 

given by 

1 0 

-x/A T(x) = T + (T1 - To) e 
0 

(36) 

where 

(37) 
2 kA 

3 A =  
4 cpaTo 

The term A may be r e fe r r ed  t o  as a " rad ia t ion  sk in  depth" and it i s  a 

measure of t he  length  required f o r  the bar  t o  reach r a d i a t i v e  equilibrium 

with i t s  environment. The temperature d i s t r i b u t i o n s  i n  a bar  are p lo t t ed  

i n  Figure 3 f o r  end temperatures of 300 and 270K. A t  l engths  along the  

bar  equal  t o  o r  g r e a t e r  than about 3 "skin depths" the  bar i s  i n  radia- 

t i v e  equi l ibr ium and a 30K change i n  t h e  end temperature changes the  

temperature a t 7  + 3 by approximately l K .  

where the  temperature is  measured is  s m a l l  wi th  respec t  t o  t h e  sk in  

depth,  conductive e f f e c t s  predominate. From the  d e f i n i t i o n  of sk in  depth 

w e  see that tne temperatures i n  rnabers h z i n g  a high thermal conductance 

or low emittance tend t o  be  dominated by conductive e f f e c t s  and the  tem- 

pe ra tu re s  i n  members with high emittance and low conductance are dominated 

by r a d i a t i v e  e f f e c t s .  

X I f  t h e  d i s t a n c e  along the  b a r  

The e f f e c t s  of u n c e r t a i n t i e s  i n  conduc t iv i t i e s  of a bar  are shown 

i n  Figure 4 f o r  the same problem. 

o r  25 percent do not  produce l a rge  e r r o r s  a t  lengths  g r e a t e r  than 3 o r  

4 s k i n  depths.  

conductances is unessen t i a l  where r a d i a t i v e  e f f e c t s  predominate. 

The r e s u l t s  show that e r r o r s  of 10 

This  a l s o  i l l u s t r a t e s  t he  f a c t  t h a t  pe r f ec t  modeling of 
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I n  order t o  f u r t h e r  demonstrate the h p o r t a a c e  of the r ad ia t ion  sk in  

depth i n  t h e  design of thermal models, w e  w i l l  next consider  another 

simple problem of determining t h e  temperature d i s t r i b u t i o n  i n  a c i r c u l a r  

disc vhose edge is m i n t a i n e d  a t  a fixed temperature Ti. 

d i s c  rece ives  r a d i a t i o n  from a source a t  T and t h e  o the r  s i d e  receives  

a uniform f l u x  S from a source a t  much d i f f e r e n t  temperature (e.g., sun- 

l i g h t )  and r a d i a t e s  t o  tan environment a t  absolu te  zero. 

emittance of t he  d i s c  i s  assumed equal t o  i t s  absorptance f o r  r ad ia t ion  

received from t h e  source a t  Ti and t h e  absorptance f o r  t h e  f l u x  S is  a. 

One s i d e  of t h e  

i' 

The inf ra red  

The d i f f e r e n t i a l  equation f o r  the  hea t  flow i n  the  d i s c  is 

- - k6 - d [r  z )  = €d'il( + us - 2 ~ o T  4 
r d r  

where k - thermal conductivity 

6 - d i s c  thickness  

r - d i s c  rad ius  

I f  t h e  d i s c  temperature does ntt appreciably d i f f e r  from the  edge t e m -  

pe ra tu re ,  t h i s  equation may be l i nea r i zed  about T The so lu t ion ,  sub- 

j e c t  t o  t he  boundary condi t ion t h a t  T = T 

i' 

a t  r = R, is  given by i 

4 
i as-EaT 

3 8€oTi 
T(r )  - Ti - (39) 

i s  t h e  zero order  Bessel func t ion  with imaginary I o  (f) where 

argument, and t h e  r ad ia t ion  sk in  depth A is  given by 
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2 k6 
3 A =  

8 E U T ~  

The normalized temperature d i s t r i b u t i o n  i n  the  d i s c  is  p lo t t ed  i n  Fig- 

ure  5 f o r  var ious values  of R 
'i; . The normalized temperature is given by 

Io (3 
Io (+) 

1 -  

and may be thought of as t h e  r a t i o  of t h e  temperature at  any poin t  t o  t h e  

temperature of a non-conducting d i sc .  

compared t o  the  sk in  depth the  temperature a t  t he  center  is  determined 

by r a d i a t i v e  e f f e c t s ,  and conversely when - i s  small t h e  temperatures 

. w i l l  be control led by conductive heat  flow from t h e  edges of t h e  d isc .  

When t h e  d i s c  rad ius  is l a r g e  

R 
A 

To relate these  observat ions t o  thermally modeling a d i s c  i n  a 

r a d i a t i o n  environment, Figure 6 shows t h e  percent e r r o r  i n  t h e  d i f -  

ference between the  center  and edge of t he  d i s c  as a func t ion  of t h e  

percent  e r r o r  i n  thermal conduct ivi ty  of a reduced-scale temperature 

preserva t ion  model of t h e  d isc .  From Figure 6 i t  is seen t h a t  when the  

d i s c  r ad ius  is  l a r g e  compared t o  t h e  sk in  depth,  t he  conduct ivi ty  of t he  

model material is  unimportant. 

a 50% e r r o r  i n  conduct ivi ty  would produce an e r r o r  of only 3% of t h e  

temperature d i f f e rence  between t h e  center  and edge of t h e  d isc .  

With a rad ius  s i x  times t h e  sk in  depth,  

Note 

t h a t  a 50% e r r o r  i n  conduct ivi ty  is  equivalent t o  using i d e n t i c a l m a t e r -  

i a l s  i n  a prototype and half-scale  model designed i n  accordance with 

t h e  temperature preservat ion technique. 

Further  d i scuss ions  of methods for determining whether r a d i a t i v e  
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or conductive effects are important in a spacecraft will be presented 

in Section IV. 

Modeling of Temperature Control Louvers 

Variable-emittance temperature control louvers have been effectively 

used to regulate the internal temperatures of interplanetary spacecraft 

and it is expected that such devices may be utilized on the Voyager 

spacecraft. Six temperature control louver assemblies, each comprising 

11 pairs of bimetallically actuated louver blades, were used on the 

Mariner IV spacecraft to regulate the temperatures of critical electronic 

bays. 

with the blades closed, and a high emittance when the blades are fully 

The assemblies are designed to have a reasonably low emittance 

opened. Typical thermal data for a single assembly are listed below: 

Effective emittance closed 0.12 
Effective emittance open 0.76 
Total area of assembly 1.62 ft 
Fully open temperature 80F 

2 

Fuiiy closed temperature 55P 

Radiating power closed (55F) 6.9 watts 
Radiating power open (80F) 52.6 watts 

The performance of the Mariner IV louvers has been successfully 

modeled at 0 . 4 3  scale (Gabron, F., et al., 1965) using the temperature 

preservation technique. Certain difficulties were encountered in the 

fabrication of these scale model louvers and the following discussion 

of the problems of scaling louvers is partially based on this experience. 

It appears that the feasibility of scaling temperature control 

louvers, or thermal switches operated by bimetal elements, may be 
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determined by the  following considerations.  F i r s t ,  t h e  scale r a t i o  may 

be l imi ted  by t h e  s i z e  of t he  p a r t s  used i n  t h e  prototype,  which i n  typ- 

i c a l  fu l l - s ca l e  prototypes is s m a l l .  

assembly may be l imi ted  by t h e  gaps required a t  t h e  end of t h e  blades 

f o r  operat ing clearance.  

i n  proport ion t o  the  over -a l l  scale r a t i o  and create an un-scaled heat  

leakage path.  

model and prototype,  t h e  c h a r a c t e r i s t i c s  of t h e  bimetal  c o i l s  used f o r  

ac tua t ions  w i l l  have t o  be a l t e r ed .  

Second, t h e  scale r a t i o  of a louver 

The clearances cannot,  i n  general ,  be reduced 

Third,  i f  t he  temperatures are not made i d e n t i c a l  i n  

Figures  7 and 8 show a 0.43 sca l e  model of t h e  Mariner IV louver 

and i l l u s t r a t e  t h e  bas i c  problem of reducing the  s i z e  of t h e  ac tua t ing  

c o i l s ,  axles, e t c .  It i s  doubtful  i f  an assembly much smaller than 

0.43 scale of a t y p i c a l  JPL louver assembly could be fabr ica ted  without 

excessive cos ts .  

The second problem of s i z e  reduction involves the  heat  leakage v i a  

t h e  gaps a t  t h e  ends of each blade when t h e  louvers  are completely closed. 

The area crea ted  by the  gaps r ad ia t e s  with an e f f e c t i v e  emittance near 

u n i t y  because of t h e  cav i ty  e f f e c t .  The clearances cannot, i n  general ,  

be sca led  down i n  reduced-size models and c r e a t e  a non-scaled r ad ia t ing  

area. 

percent  e r r o r  i n  t h e  over-al l  emittance of a t y p i c a l  JPL louver assembly 

with t h e  blades closed for various sca l e  r a t i o s .  The gap dimensions of 

1/32 and 1/64" were chosen as being t y p i c a l  of t h e  range of to le rances  

a t t a i n a b l e  i n  f a b r i c a t i n g  shee t  metal p a r t s  of such dimensions. 

be seen  t h a t  t he  e r r o r s  i n  t h e  e f f ec t ive  emittance of an assembly can be 

g r e a t e r  than 20 percent  for a 1/5 sca l e  model. 

To i l l u s t r a t e  t h e  importance of t h i s  e f f e c t ,  Figure 9 shows the  

It can 

This is, of course,  
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equivalent to a 20% error in radiated power. 

to Mariner IV, the error in internal temperature (at a condition where 

all louvers were closed) would be approximately 15C (27F). 

In a spacecraft similar 

If a scale-model louver assembly is designed in accordance with a 

modeling tecnnique which requires that the siiiittimces be anade idemical 

in model and prototype, but the temperatures be different, the difference 

in range of actuation temperatures will require that different bimetal 

springs be used in model and prototype. 

listed the "fully closed" and "fully opened" temperatures for a 1/2 and 

1/5 scale model of a Mariner IV louver assembly. 

In the following table are 

Full scale (Mariner IV) 

L 

1jJ2 s c d e  - = 1.26 T 
P 

m 

P 

T 
1/5 scale T = 1.71 

Actuation Temperatures (F) 

AT - Closed Open 

55 80 25 

18 9 

420 

221 32 

463 43 

From this tabulation it can be seen that the AT available to rotate the 

blades 90" from their closed to open position for a 1/5 scale model is 

nearly twice that of the prototype. This can be accomplished by use of 

active bimetal elements in the model which have 1) lower deflection con- 

stants, 2) shorter lengths of the active elements, or 3) an increased 

thickness. These design variables can be used by the manufacturer to 

obtain the desired rotation rate. 
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It should be noted t h a t  i f  t h e  same b a s i c  model can be used f o r  

temperature and materials preservat ion techniques (by modifying t h e  

b a s i c  s t r u c t u r e )  t h e  louver  ac tua t ing  element must be  changed. 

I n  conclusion, w e  have attempted t o  poin t  out  some p r a c t i c a l  l i m i -  

t a t i o n s  on the modelhg of teqerature  zmtrc1 Icuvers. 

louver  assemblies are similar i n  s i z e  t o  Mariner IV assemblies,  i t  is 

doubt fu l  t h a t  a model smaller than  40% scale could be f ab r i ca t ed  with 

a c t i v e  con t ro l  elements. Modeling of louver assemblies using a technique 

where t h e  model temperatures a r e  g rea t e r  than the  prototype is poss ib l e  

by using s p e c i a l  bimetal  elements. 

If the prototype 

I f  it is necessary t o  model the  thermal c h a r a c t e r i s t i c s  of a pro- 

to type  spacecraf t ,  wi th  louvers  s imi l a r  i n  s i z e  t o  those  used on Mariner 

I V ,  us ing a very s m a l l  model, say 115 s c a l e ,  i t  would be poss ib l e  t o  

r ep lace  the  louvers  wi th  su r faces  having certain e f f e c t i v e  emittances.  

For example, a test could be made with a l l  louvers  replaced with thermal 

s h i e l d s  having e f f e c t i v e  emittances equal  t o  the  e f f e c t i v e  emittance of 

a "closed" prototype assembly, and another test could be made with d i f -  

f e r e n t  thermal s h i e l d s  having emittances equal  t o  t h e  e f f e c t i v e  emittance 

of an "open" pro to type  assembly. 

t h e  temperature l i m i t s  of t h e  spacecraf t ,  but t h e  smoothing e f f e c t  of 

having c e r t a i n  louvers  open and o thers  closed would be l o s t .  

i n  ve ry  prel iminary development t e s t i n g  such information would be u s e f u l  

i n  determining t h e  l i m i t s  i n  average temperature of t h e  i n t e r n a l  s t ruc tu re .  

This procedure could be  used t o  obta in  

Perhaps, 
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Modeling of Multi-layer Insu la t ions  (MLI) 

In  t y p i c a l  spacecraf t  t h e  use of mult i - layer  i n s u l a t i o n s  (ML1)--corn- 

monly r e fe r r ed  t o  as "super-insulation"--to reduce t h e  hea t  t r a n s f e r  t o  o r  

from c e r t a i n  areas is widespread. It is  of i n t e r e s t ,  therefore ,  t o  con- 

s i d e r  methods f o r  thermally modeling these  in su la t ion  packages. 

There are seve ra l  app l i ca t ions  which may requi re  the  use  of MLI i n  

spacecraf t .  

t he  spacecraf t  t o  reduce the  hea t  flow t o  a s m a l l  value with respec t  t o  

t h e  heat  flow from other  areas. A t yp ica l  appl ica t ion  w a s  the  use of a 

MLI blanket  on t h e  shaded por t ion  of t h e  Mariner I V .  

w a s  des i red  t o  con t ro l  the  i n t e r n a l  temperature by use of thermal con t ro l  

louvers  and t o  minimize the  heat  flow from t h e  shaded port ion.  As long 

as t h e  e f f e c t i v e  emittance of t h e  M L I  b lanket  w a s  small with respec t  t o  

t h e  e f f e c t i v e  emittance of the  louvers,  most of t h e  i n t e r n a l  power dis-  

s i p a t i o n  w a s  emitted by t h e  louvers.  

f a c t o r  o r  e f f e c t i v e  emittance of the MLI was  unimportant provided t h a t  

t h e  hea t  flow w a s  s m a l l  wi th  respect  t o  t h a t  d i ss ipa ted  by the  louvers.  

Such app l i ca t ions  are r e l a t i v e l y  simple t o  model. 

MLI blanket  w a s  modeled i n  a 0.43 sca l e  model with t h e  same material, 

A common app l i ca t ion  i s  t o  use MLI over a c e r t a i n  por t ion  of 

I n  t h i s  case, i t  

The absolu te  value of t h e  sh ie ld ing  

The Mariner I V  

and, i n  f a c t ,  fewer l aye r s  without a l t e r i n g  t h e  heat  balance on t h e  in- 

terior of t h e  model spacecraf t .  

However, o the r  cases exist  where t h e  magnitude of t h e  small hea t  

f l u x  through a MLI blanket is important i n  determining t h e  internal tem-  

p e r a t u r e s  of a component. As w e  w i l l  d i s cuss  i n  a following sec t ion ,  one 

concept f o r  t h e  thermal con t ro l  of t h e  Voyager capsule  during t h e  f l i g h t  
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from Ear th  t o  Hars is t o  completely i n s u l a t e  t h e  capsule  and t o  supply 

power wi th in  t h e  capsule  t o  maintain internal temperatures v i t h i z  t o l e r -  

a b l e  l i m i t s .  

reduce t h e  hea te r  power requirements. 

po r t an t  case I= mx.lcling of MLI blankets.  

Here, t h e  hea t  l o s s  through t h e  MLI must be minimized t o  

W e  w i l l  consider  t h i s  as an im- 

The one-dimensional, s teady  heat  flow through a MLI system c o n s i s t s  

of two p a r a l l e l  pa ths ,  v i z . ,  r ad ia t ion  between t h e  f o i l s  or l aye r s  which 

have a low emittance and conduction between t h e  f o i l s  or l ayers .  

conduction between l a y e r s  is cont ro l led  by a contac t  r e s i s t a n c e  when 

The 

no spacer  o r  separa tor  i s  used between t h e  low emittance f o i l s  o r  by a 

combination of contact  r e s i s t ance  and a r e s i s t ance  of t h e  spacer when 

the  f o i l s  are separated.  The combination of a r a d i a t i o n  and conduction 

path can be charac te r ized  by an equation of t h e  form 

where n - number of f o i l s  of MLI 

q" - 
- 

2 heat  f l ux  (watts/cm ) 

temperature of t h e  inner  l a y e r  of i n su la t ion  
TO 

T - temperature of t h e  nth l aye r  

E - emittance of the f o i l  

C - over-al l  thermal conductance between f o i l s  

n 

(watts/cm* K) 

Equation (42) may be used t o  obta in  two dimensionless groups which relate 

t h e  s i m i l i t u d e  i n  model and prototype. They are 
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($1 = 
m P 

(44) 

We w i l l  now consider two cases  i n  which t h e s e  s imi l i t ude  r e l a t i o n s  can 

be appl ied ,  one i n  which the  temperatures are preserved i n  model and pro- 

to type ,  and t h e  o the r  i n  which t h e  temperatures are not  preserved i n  model 

and prototype ( c . f .  Table 2 ) .  

i n  Table 3. Here w e  have assumed tha t  d i s t o r t i o n s  i n  t h e  thickness  

of t h e  MLI blanket  would be permissible.  

about t h e  f e a s i b i l i t y  of e i t h e r  technique, we should poin t  out  t h a t  t he  

behavior of t h e  in te r - layer  conductance C i n  t y p i c a l  MLI is not  w e l l  

understood or e a s i l y  evaluated. Typically,  t h e  conductance is s t rongly  

inf luenced by t h e  compression of the MLI t h a t  occurs during i n s t a l l a t i o n  

and t h e  c h a r a c t e r i s t i c s  of t h e  spacer material. However, tne emittance 

of t h e  f o i l s  is  r e l a t i v e l y  easy t o  eva lua te  by d i r e c t  measurement. 

Therefore ,  i n  consider ing sca l ing  of MLI, w e  be l ieve  t h a t  t h e  only approach 

s u i t a b l e  is  t o  a t tempt  t o  retain the same in t e r - l aye r  conductance i n  model 

and prototype by using essentially t h e  same number of l aye r s  per  u n i t  

th ickness  and keeping t h e  c h a r a c t e r i s t i c s  of t he  spacer material, i f  

used, i d e n t i c a l  i n  model and prototype. 

The appropr ia te  r e l a t i o n s  are presented 

Before drawing conclusions 

Examination of t h e  cont ro l l ing  equat ions using Technique 1, where 

temperatures are preserved, shows t h a t  t h e  number of f o i l s  and t h e  e m i t -  

t ances  must be made i d e n t i c a l  i n  model and prototype i f  t h e  conductance 
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Table 3 

Comparison of Controll ing Equations for 
One-dimensional, Steady Heat Flow Modeling of MLI 

Technique 1 

Temperature C Bnit tances  
t h e  Same i n  Model and Prototype. 

1 c 
4;: 
- t  

(47a) 
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Technique 2 

Tsiperatures Differezt in 
Model & Prototype 

3 
Tm 

T 3  
P 

n C  

n C  
22 = - 

m P  



i s  made iden t i ca l .  Thus, t he  thickness  of t h e  MLI blanket would be 

approximately the  same i n  model and prototype. 

therefore ,  r equ i r e  t h a t  i d e n t i c a l  materials be used i n  model and prototype 

with a d i s t o r t e d  thickness.  

This technique would, 

r c  
LI ve again choose t o  xake the conductances between l aye r s  equal i n  

model and prototype and make the  temperatures d i f f e r e n t ,  Technique 2 re- 

qu i r e s  t h a t  t h e  number of l aye r s  and f o i l  emittances be d i f f e r e n t  i n  model 

and prototype. 

totype,  t h e  number of l aye r s  used i n  the  model would be less than the  

number i n  the  prototype, and the  emittances of each f o i l  i n  t h e  model 

would have t o  be decreased. In  most cases ,  decreasing the  emittance of 

t he  model f o i l s  would be a p r a c t i c a l  imposs ib i l i ty  because the  prototype 

i n s u l a t i o n  would most l i k e l y  have t h e  lowest a t t a i n a b l e  emittance. Only 

two a l t e r n a t i v e s  e x i s t .  One is t o  sca le  only t h e  r a d i a t i v e  e f f e c t s  by 

using t h e  same number of l aye r s  and f o i l  emittances i n  model and prototype, 

t h e  o the r  is t o  s c a l e  t h e  conductive e f f e c t s  by reducing the  number of 

l aye r s  i n  accordance w i t h  Equation ( 4 6 b j .  

heat f l u x  through the  MLI on the  model w i l l  e x i s t .  

f l u x  assoc ia ted  with modeling a typ ica l  MLI cons is t ing  of 34 l aye r s ,  

each wi th  an emittance of 0.02, with the  prototype source temperature 

set a t  300K and the  model temperature a t  450K (f = 1.5) are p lo t t ed  i n  

Figure 10. It can be seen t h a t  re ta in ing  t h e  same number of l a y e r s  i n  

model and prototype reduces the  e r ro r s  i n  hea t  f l u x  f o r  i n su la t ions  

dominated by r a d i a t i v e  e f f e c t s ,  and tha t  reducing the  number of l aye r s  

reduces the  e r r o r s  for conductively dominated insu la t ions .  

For a model operat ing a t  a higher temperature than a pro- 

In either esse, e r r ~ n r ~  in the 

The e r r o r s  i n  heat  

T 
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From t h i s  discussion,  i t  appears t h a t  thennal  s i m i l i t u d e  can be 

re t a ined  i n  model and prototype if the  model is designed in accotdanee 

with t h e  temperature preserva t ion  technique. 

temperatures are d i f f e r e n t ,  i t  w i l l  be d i f f i c u l t  t o  exac t ly  scale a 

mixlti-layer inst?le+,ioa except In spec ia l  cases where, 1) the  temperature 

of t h e  model is lower than the  prototype, 2) t h e  conductance between 

f o i l s  is known, or 3) t he  hea t  flow is p r i n c i p a l l y  through conductive 

elements. Figure 10 shows t h a t  t h e  procedure of making t h e  number of 

f o i l s  i d e n t i c a l  i n  model and prototype, 

r a d i a t i v e  e f f e c t s ,  l eads  t o  g rea t e r  accuracy because t y p i c a l  MLI b lankets  

are r a d i a t i v e l y  dominated. 

p o s i t i v e  e r r o r s  and t h e  o the r  negative e r r o r s ,  it is poss ib le  t o  f u r t h e r  

reduce t h e  e r r o r s  by a r b i t r a r i l y  

a r i t hme t i c  average. 

makes t h e  e r r o r  i n  modeling t h e  heat  f l u x  zero  a t  one p a r t i c u l a r  conduc- 

tance and reasonably small over the range of conductances expected i n  

t y p i c a l  mult i - layer  i n su la t ions .  

I f  model and prototype 

= n - 3 4 ) ,  i.e., s ca l ing  t h e  ("m p 

However, because one procedure produces 

choosing t h e  number of f o i l s  as t h e  

The dashed l i n e  shows t h a t  22 f o i l s ,  f o r  example, 

These conclusions a r e  based on the  assumption t h a t  t he  heat  flow 

through t h e  i n s u l a t i o n  blanket  is one-dimensional, and such condi t ions 

do e x i s t  i n  p r a c t i c e  f o r  l a rge  surfaces  covered with an unpenetrated 

blanket  of MLI. 

t r a t e d  by supports ,  s t r u t s ,  wires, e tc . ,  and may have seams and gaps 

where edges of ad jacent  s ec t ions  meet. I n  these  cases ,  t h e  heat  flow 

is  not  one-dimensional and heat  flows i n  d i r e c t i o n s  both perpendicular 

and p a r a l l e l  t o  t he  f o i l s  of MLI. 

However, i n  other  a reas  t h e  MLI blanket may be  pene- 
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I f  w e  assume t h a t  pene t ra t ions ,  where t h e  hea t  flow is conductively 

cont ro l led ,  are scaled by t h e  techniques presented i n  Sect ion 11, some 

l o c a l  heat  f l ux  e r r o r s  w i l l  be introduced when t h e  thickness  of t h e  MLI 

on t h e  model is equal t o  t h e  prototype thickness  (Technique 1). I f  t h e  

number of f o i l s  are reduced, t h e  l o c a l  heat  f l u x  e r r o r s  w i i i  tend eo be 

smaller. 

blanket .  

The same conclusions may be  applied t o  edges and seams i n  a MLI 

Unfortunately,  l i t t l e  information e x i s t s  on the  na tu re  of t h e  heat  

flow around seams and penetrat ions.  

p a t t e r n s  i n  these  regions are complicated by the  an i so t rop ic  behavior of 

MLI and by t h e  non- l inea r i t i e s  due to r a d i a t i o n  between and along t h e  

f o i l s .  

of t h e  heat  flow i n  such regions f o r  penetrat ions of simple geometry. 

Un t i l  such information is developed, methods f o r  s ca l ing  heat  flows i n  

pene t ra t ions  w i l l  be subjec t  t o  e r r o r .  

The three-dimensional heat  flow 

I n  f a c t ,  i t  is  p r a c t i c a l l y  impossible t o  make accura te  estimates 

I f  pene t ra t ions  appear t o  be important i n  con t ro l l i ng  t h e  heat  flow 

i n  a MLI blanket of a prototype, one method f o r  determining a s u i t a b l e  

procedure f o r  s ca l ing  t h e  heat  f luxes  i n  a model would be t o  make a 

thermal test of a s i n g l e  fu l l - s ca l e  penetrat ion,  and then design and 

test var ious  scale m o d e l s  u n t i l  one a r r ived  at a model design with the  

appropr ia te  scaled hea t  flux. This  i s  a r a t h e r  una t t r ac t ive  procedure 

because of t he  i t e r a t i v e  process involved, and t h e  inherent  d i f f i c u l t y  

i n  making measurements of small heat  f luxes.  

53 



Bolted J o i n t s  

The theory of thermal scale modeling requi res  t h a t  t h e  thermal 

conductances between surfaces  i n  contact be scaled i n  accordance with 

Equations (12a, b) .  When t h e  temperatures are preserved t h e  thermal 

ruribuctaiices, mzsured In w a t t s / c m  K (Btu/hr-ft R), must be equal i n  

model and prototype. When temperatures are not  preserved, t h e  j o i n t  

conductance i n  t h e  model must be made greater than t h e  corresponding 

j o i n t  conductance i n  the  prototype. 

t o  restate t h e  modeling requirements i n  terms of t h e  rate of heat  flow 

per  u n i t  temperature d i f fe rence .  For temperature preservat ion scal ing:  

2 2 

To avoid confusion, i t  may be w e l l  

where - heat  flow through j o i n t  (watts)  

AT - temperature d i f fe rence  across  j o i n t  
q j  

j 
L - c h a r a c t e r i s t i c  length 

Since the  temperature d i f fe rences  i n  model and prototype must be equal ,  

t he  heat  flow through the  model j o i n t  must equal t h e  heat  flow i n  the  

prototype mul t ip l ied  by the  square of t h e  sca l ing  r a t i o .  

I f  temperatures are not preserved i n  model and prototype: 

From t h i s  equation, i t  can be seen t h a t  t h e  heat flow i n  the  model 

j o i n t  per  u n i t  temperature difference depends on both t h e  geometric 
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sca l ing  r a t i o  and t h e  temperature r a t io .  

In order  t o  present  methods f o r  s ca l ing  t h e  hea t  flows through 

bol ted  j o i n t s ,  it is  necessary t o  discuss  t h e  thermal c h a r a c t e r i s t i c s  

of bo l ted  j o i n t s  t y p i c a l l y  found i n  spacecraf t .  

a bol ted  j o i n t  where it is desired i o  ob ta in  a highly cmduct iva  path 

is shown i n  Figure 11. 

packaging module, 

r ad ia t ed  and conducted away from the j o i n t .  

s e c t i o n s  t y p i c a l  of spacec ra f t ,  t h e  source and s ink  are i n  contact  over 

a l o c a l  area where the  contac t  pressures  are high. 

which t h e  i n t e r f a c i a l  p ressure  f a l l s  t o  zero may be of t h e  order  of 

1-1/2 t o  3 b o l t  head diameters.)  As shown, the re  i s  a drop i n  tempera- 

t u r e  due t o  t h e  i n t e r f a c i a l  contact r e s i s t a n c e  i n  t h e  contact  area, and 

a drop i n  temperature due t o  cons t r i c t ion  of t h e  heat  flow l i n e s  in t ro -  

duced by t h e  thermal r e s i s t ance  of t h e  s ink.  

t o  decrease t h e  i n t e r f a c i a l  contact r e s i s t a n c e  and increase  t h e  area of 

contac t  and thereby provide a good heat  flow path. 

t y p i c a l  of those found i n  t h e  Mariner I V  design,  t h e  over-al l  temperature 

drop i n  t h e  j o i n t  is cont ro l led  by t h e  c o n s t r i c t i o n  r e s i s t ance  r a t h e r  

than  t h e  i n t e r f a c i a l  contact  res i s tance .  

A schematic diagram of 

Heat flows from a source,  e.g., an e l e c t r o n i c s  

t o  a po r t ion  of the  spacecraf t  where t h e  heat  is 

I n  t h e  r e l a t i v e l y  t h i n  

(The diameter a t  

High b o l t  torques are used 

I n  many cases,  

Another type of j o i n t  i s  shown i n  Figure 12. This j o i n t  i s  typ ica l  

of t hose  used where i t  des i red  t o  minimize t h e  hea t  flow and provide 

thermal i so l a t ion .  I n  t h i s  case,  t h e  over-al l  r e s i s t ance  of t he  j o i n t  

is  cont ro l led  by seve ra l  i n t e r f a c i a l  contact  r e s i s t ances  i n  series, and 

by t h e  thermal  r e s i s t ance  of insu la t ing  bushings. The cons t r i c t ion  re- 

s i s t a n c e s  of t h e  source and s ink  a r e  usua l ly  small because t h e  rate of 
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FIGURE 11 SCHEMATIC OF CONDUCTIYE BOLTED JOINT 
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FIGURE 12 SCHEMATIC OF INSULATING BOLTED JOINT 
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heat  flow is  small. 

Unfortunately, s u f f i c i e n t  information is  not now ava i l ab le  f o r  a 

thermal design engineer t o  design a typ ica l  bolted j o i n t  which w i l l  have 

a c e r t a i n  prescr ibed conductance. The problem is formidable because t h e  

heat  flow pa t t e rns  around the  b o l t  are complicated, and i n  order t o  com- 

pute t h e  heat  flow across  t h e  contact area it  is  necessary t o  f i r s t  solve 

for t h e  stress d i s t r i b u t i o n  i n  t h e  region of contact .  

problem is  complicated by t h e  f a c t  t ha t ,  o f ten ,  t h e  high-strength b o l t s  

are s t r e s sed  t o  t h e  poin t  where stresses and deformations of t h e  mating 

sur faces  cannot be described by elastic theory. 

has  been completed i n  the  f i e l d  of contact r e s i s t ance  can be used t o  

i d e n t i f y  the  va r i ab le s  and t h e i r  func t iona l  re la t ionship .  

discussion of t h e  modeling of bolted j o i n t s  is based on using a s impl i f ied  

a n a l y t i c a l  approach t o  merely ind ica te  the  d i r e c t i o n  i n  which ce r t a in  

important va r i ab le s  should be changed i n  t h e  model i n  order t o  preserve 

thermal s imi l i t ude  i n  model and prototype. I n  areas where the  behavior 

of a j o i n t  is  c r i t i c a l  t o  t he  thermal balance of a prototype component, 

it w i l l  be necessary t o  determine the conductance of t h e  prototype 

j o i n t  by test and then test  a modeled j o i n t  t o  in su re  t h a t  thermal s i m i -  

l i t u d e  is retained.  This technique w a s  used successfu l ly  i n  modeling 

t h e  thermal behavior of a number of c r i t i c a l  j o i n t s  on t h e  Mariner I V  

spacecraf t .  

The s t r u c t u r a l  

However, the  work which 

The following 

F i r s t ,  w e  w i l l  d i scuss  the important problem of modeling t h e  in te r -  

f a c i a l  contact  resistance fo r  t he  cases i n  which temperatures a r e  pre- 

served o r  d i s t o r t e d  i n  model and prototype. For two plane surfaces  i n  

contac t  i t  is poss ib le  t o  approximately represent  t h e  heat  flow by an 

58 



* 
equat ion of t h e  form 

where 

kF 
c1 Hb e =  

AT 

C1 - propor t iona l i ty  cons tan t  

k - mean thermal co~ductivitg of the mthg 
sur f  aces 

F - fo rce  over the  contac t  area 

H - as p e r i t y  hardness of t h e  s o f t e r  of t h e  
two materials 

b - sur face  roughness f a c t o r  

I f  t h e  temperatures are t o  be preserved 

2 

(E)m = (E), [t) (51) 

Also, f o r  temperature preserva t ion  

n 
k 
r 

c . f .  Equation ( l l a )  

Now, i f  materials can be chosen f o r  t he  model which have approximately 

t h e  same sur face  f i n i s h  and hardness as those i n  t h e  prototype 

m 

P P 

L 

F L 
Fm 
- 0 -  

* It i s  recognized t h a t  t he  equation presented here  may not exac t ly  
account f o r  t h e  func t iona l  r e l a t ionsh ips  between var iab les ;  however, 
some i n s i g h t  t o  t h e  methods ava i l ab le  f o r  sca l ing  can be obtained 
without introducing considerable complexity i n  t h e  ana lys i s .  
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I 

Thus, we can approximately scale the i n t e r f a c i a l  resistance by sca l ing  

the  b o l t  loads.  

and torque,  since 

The b o l t  loads  can be  va r i ed  by changing b o l t  diameter 

where 

'F 

T - b o l t  torque 

D - b o l t  diameter 

4 - torque f r i c t i o n  c o e f f i c i e n t  

It must be emphasized t h a t  i t  is  important t o  maintain,  as c lose ly  as  

poss ib l e ,  geometric s i m i l a r i t y  of the  b o l t  and ho le  p a t t e r n  i n  model 

and prototype t o  properly scale t h e  c o n s t r i c t i o n  resistance. Thus, 

smaller b o l t s  should be used on t h e  model with t h e  proper torque t o  

s c a l e  the  b o l t  loads.  Choosing exac t ly  sca l ed  b o l t s  would, i n  general ,  

be imprac t ica l  and t h e  torque must b e  ad jus ted  t o  produce t h e  co r rec t  

s ca l ed  load i n  t h e  model. 

I f  i d e n t i c a l  materials a r e  used i n  model and prototype,  and the  

temperatures are not  preserved 

3 

3 
- = -  Fm L 2  m - Tra 

P 
L 2  T F 
P P 

(54) 

The i n t e r f a c i a l  r e s i s t a n c e  may be properly sca led  by ad jus t ing  t h e  

dimensions of t h e  b o l t  and b o l t  torque. 

The above procedures,  while r e l a t i v e l y  s i m p l e  i n  concept, lead 

t o  cer ta in  p r a c t i c a l  d i f f i c u l t i e s .  For example, i n  " i so la t ing"  j o i n t s  

where t h e  thermal r e s i s t a n c e  of the  i n s u l a t i n g  bushings is  important,  

materials with lower conduct iv i t ies  may not  be ava i l ab le  f o r  t h e  model, 
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or  t h e  s i z e  of t h e  prototype b o l t  conf igura t ion  may be s u f f i c i e n t l y  s m a l l  

t o  preclude the  use  of smaller b o l t s  i n  a reduced scale model. 

p r a c t i c a l  d i f f i c u l t i e s  can o f t e n  b e  overcome, f o r  example, by adding more 

i n t e r f a c i a l  con tac t s ,  reducing the  bo l t  torques,  increas ing  t h e  constric- 

t i o n  r e s i s t a n c e  by a l t e r i n g  the  geometry aroiiii6 the %=It, etc. Eich 

s i t u a t i o n  of t h i s  type must be ind iv idua l ly  evaluated,  and a n c i l l a r y  

tests should be made on both a model and prototype configurat ion t o  

v e r i f y  the  model design concept. 

Such 

The temperature d i s t r i b u t i o n  r e s u l t i n g  from a c o n s t r i c t i o n  resis- 

tance  around a bol ted j o i n t ,  wi th  a conf igura t ion  as shown i n  Figure 11, 

can be approximated by consider ing the  hea t  flow i n  an i n f i n i t e  p l a t e  

with a c i r c u l a r  source of hea t  of rad ius  r . I f  t h e  p l a t e  dimensions 

a r e  l a r g e  with respec t  t o  t h e  source r ad ius ,  and t h e  p l a t e  r a d i a t e s  on 

both s i d e s ,  t h e  d i f f e rence  between the  source temperature and the  p l a t e  

temperature a t  d i s t ances  f a r  removed from t h e  source is  given by t h e  

S 

equat ion 

AT = 

where 

and 9 -  

r -  
S 

k -  

6 -  

- 
B K 1  

E -  

17 151 
xq R o l x /  

2nrsk6 

K1 (2) 
k6 

8ElYT3 

heat  flow 

source rad ius  

conductivity of t h e  p l a t e  

p la te  thickness 

modified Bessel func t ions  

emit tance of t he  plate  

( 5 5 )  
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The behavior of t h e  cons t r i c t ion  r e s i s t ance  8s a funct ion  of t h e  source 

radius  and t h e  conductance of t h e  p l a t e  is  shown i n  Figure 13 f o r  severa l  

t y p i c a l  cases.  

W 3 1 )  p l a t e  which corresponds t o  the  conductance of a 0.020 inch th i ck  

aluminum (6061) p l a t e .  

t ions .  

s i z e s  are noted on t h e  absc issa  f o r  reference. From t h e  curves i t  can 

be seen t h a t  t h e  thermal cons t r i c t ion  r e s i s t ance  can be l a r g e  when t h e  

source rad ius  i s  small. The importance of t h e  cons t r i c t ion  r e s i s t ance  

f o r  a t y p i c a l  bolted j o i n t  can be demonstrated by comparing t h e  calculated 

cons t r i c t ion  r e s i s t ance  t o  a measured over-al l  r e s i s t ance  f o r  a bolted 

j o i n t  used i n  bo l t ing  an e l ec t ron ic  subchassis i n  t h e  Mariner LV space- 

The upper curve is  for  a 0.040 inch thickmagnesium 

A n  emittance of un i ty  was used i n  t h e  calcula-  

The dimensions of t h e  head diameters of several t y p i c a l  b o l t  

c r a f t .  The configurat ion w a s  similar t o  t h a t  shown i n  Figure 11. De- 

t a i l s  of t h e  test configurat ion and the  calculated cons t r i c t ion  resis- 

tance a r e  presented below. 

-- r i a t e  material 

Thickness 

Clearance hole  diameter 

Bolt 

Bolt head diameter 

Bo1 t materia 1 

Torque 

S t r e s s  i n  b o l t  

Heat flow 

Measured temperature d i f fe rence  

Measured j o i n t  resistance 

47. 31 B magnesium 

0.040 i n .  

0.166 in .  

66-32 (0.138 in .  d ia . )  

0.270 

Titanium 

18 inch pounds 

Approximately 100,000 p s i  

8.3 watts 

46K 

5 . 5  K / w a t t  
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Calculated constrictioc 
resistance* 

5.57 K/watt 

This approximate calculation shows that the constriction resistance is 

of the same order as the total resistance of the joint. 

The constriction resistance is a function of the thermal properties 

of the plate, the thickness of the plate and, importantly, the radius 

of contact. 

the equations presented in Table 1 of Section I1 for cases where tem- 

The thermal conductance of the plate can be modeled using 

peratures or materials are preserved. However, the source radius or 

radius at which the interfacial contact pressures approach zero is a 

function of the bolt load, geometry of the bolt, the clearance hole 

diameters in the mating plates and the modulus of elasticity and 

thickness of the contacting plates. 

and prototype, the following equation applies 

For thermal similitude in model 

If temperatures are preserved in model and prototype and all dimen- 

sions are scaled, or if the materials are made identical in model and 

prototype but the temperatures differ 

'1: L 
r L 
sm m 

SP P 
- = -  (57)  

* The source radius was based on the approximation that the radius 
equals the bolt head radius plus 1.5 times the total thickness 
of the mating plates. 
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Thus, i t  may be seen t h a t  t h e  source radius  must be geometrically scaled 

i n  t h e  model. W e  note  t h a t  some d i f f i c u l t i e s  e x i s t  i f  t h e  thicknesses  

of t h e  p l a t e s  are not scaled i n  model and prototype because of t h e  in- 

f luence of p l a t e  thickness  on t h e  contact radius .  Fortunately,  t h e  in- 

f luence of an e r r o r  i n  modeling the  source rad ius  i n  an example such as 

t h a t  shown i n  Figure 13 has less e f f e c t  than an e r r o r  i n  modeling the  

conductance of the  p l a t e s  ( i . e . ,  t h e  product of conduct ivi ty  and thick- 

ness). This  i s ,  of course, only t r u e  when t h e  source radius  i s  f a i r l y  

large.  For t y p i c a l  ranges of source diameters and p l a t e  conductances; 

as  shown i n  Figure 13, a threefo ld  change i n  p l a t e  conductance changes 

t h e  cons t r i c t ion  r e s i s t ance  by approximately 150%. 

t h e  modeling of bol ted j o i n t s ,  whose thermal r e s i s t ance  is  cont ro l led  

by cons t r i c t ion  t o  heat  flow i n  t h e  mating sur faces ,  is  s t rongly  influen- 

ced by t h e  conductances i n  the  plates .  

scaled i n  model and prototype by use of smaller  b o l t s  i n  a reduced-scale 

model. If the  thermal behavior of t h e  j o i n t  is  c r i t i c a l ,  tests of a 

prototype and model j o i n t  should be made t o  select a modeled j o i n t  which 

w i l l  s a t i s f y  the  s imi l i t ude  re la t ions .  

W e  conclude t h a t  

The area of contact should be 

Following t h e  previous discussion of methods f o r  sca l ing  t h e  be- 

havior  of bol ted j o i n t s ,  i t  is appropriate  t o  b r i e f l y  review t h e  r e s u l t s  

of t h e  f i r s t  known attempt t o  model bo l ted  j o i n t s  i n  a spacecraf t .  

temperature preserva t ion  technique was used t o  model, a t  0.43 scale, a 

number of bol ted j o i n t s  i n  t h e  Mariner spacecraf t .  Within t h e  space- 

The 

* 

* "Thermal Scale  Modeling of t he  Mariner IV Spacecraft ,"  F ina l  Report 
t o  JPL, Contract 950789, by A.D. L i t t l e ,  Inc. ,  20 August 1965. 
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craft, a number of high power dissipation electronic sub-chassis were 

bolted to a relatively thin magnesium shear web which radiated the 

dissipated power to outer space through a set of louvers. The procedure 

for modeling the bolted joints consisting of thermally scaling the shear 

--- wets by iising a l a w ~ ~  conductivity mzterisl in the model and a geomet- 

rically scaled thickness. 

bolt loads were scaled by adjusting the torques on the model bolt assembly. 

The thermal behavior of a typical prototype joint and a 0.43-scale joint 

was investigated in a separate experiment to verify the model design 

approach. It was found that the bolt torque, clearance hole diameter 

Smaller bolts were used in the model and the 

and the conductivity of the shear web significantly influenced the over- 

all joint conductance. The conductivity of the bolt was found to be 

unimportant. The temperature differences measured in tests of the com- 

plete spacecraft and model are presented below: 

Temperature difference (F) 
Power dissipation (watts) 
Resistance of joint (F/watt) 
Bolt size 
Torque 

Clearance hole dia. (in) 

Shear web material 
Shear web thickness (in) 

max. 
min . 

Prototype 

28.5 
20.1 

1.42 
16-32 Ti 
18 in.lb 

ZK 60 A Mag. 

0.100 
0.040 

Model 

25.9 
3.7 
6.9 

#4-40 S.S. 
5.5 in.lb 

1015 Steel 

0.047 
0.017 

The above data shows that the error measured temperature differences 

between model and prototype were extremely small, and we conclude that 
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f o r  t h i s  type of j o i n t ,  modeling techniques can be successfu l ly  appl ied 

i n  prac t ice .  

Unfortunately,  no d i r e c t  comparison of d a t a  f o r  "thermally i s o l a t -  

ing" b o l t s  can be obtained from t h e  r e s u l t s  of t h e  previously mentioned 

program. 

of t h e  j o i n t s  w e r e  r e l a t i v e l y  unimportant t o  t h e  temperatures of t h e  

components. 

Severa l  j o i n t s  of t h i s  type were modeled, but t he  conductances 

I so l a t ed  Appendages 

I n  c e r t a i n  cases, a spacecraf t  may conta in  one or more appendages 

such as s c i e n t i f i c  instruments ,  op t i ca l  sensors ,  antennae, etc., which 

are, t o  a degree,  thermally i s o l a t e d  from t h e  main s t ruc tu re .  The ther-  

m a l  con t ro l  of such appendages i s  of ten  a problem i n  prototype space- 

c r a f t  because t h e  design may, f o r  example, be d i c t a t e d  by e l e c t r i c a l  

i s o l a t i o n  requirements, or t h e  requirement f o r  t h e  instrument t o  be 

mounted remotely t o  e l imina te  s t r a y  magnetic f i e l d s ,  e t c .  The amount 

of i n t e r n a i  power diss ipat icn  a-.72il&le f o r  temperature con t ro l  i s  

usua l ly  s m a l l  o r  i t  may be va r i ab le  i f  t h e  instrument is  turned on and 

o f f ,  which makes t h e  s i t u a t i o n  worse. Because these  problems are t y p i c a l  

i n  un-manned s c i e n t i f i c  spacecraf t ,  it is  bene f i c i a l  t o  review such prob- 

l e m s  t o  determine t h e i r  implicat ion i n  thermal scale modeling. 

F i r s t ,  consider  an appendage which is  conductively coupled t o  a 

spacecraf t  v i a  support mounts, e l e c t r i c a l  lead wires, e t c . ,  and is 

sh ie lded  from other  r a d i a t i v e  sources. 

type is  the  Canopus star t r acke r  on Mariner I V . )  

power i n t e r n a l l y  and i t  i s  assumed t h a t  t h e  thermal behavior can be 

(An example of t h i s  general  

The instrument d i s s i p a t e s  

t 
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represented by a single average temperature T. 

assumed to be a heat sink at a temperature Ts = 300K. 

of the appendage, neglecting transient effects, is given by the equation 

The spacecraft is 

The temperature 

( 5 8 )  
EAOT 4 = P + C (Ts- T) 

where EA - effective radiating area of the appendage to 
outer space (cm2) 

C - total conductance between the appendage and 
spacecraft (watts/K) 

P - internal power dissipation 
To illustrate the thermal behavior of an appendage of this type, the 

temperature level is plotted in Figure 14 as a function of the conduc- 

tance per unit of effective radiating area for two levels of internal 

power. 

to changes in the conductance per unit of radiating area. If the appen- 

dage is de-coupled by having small conductances or large radiating areas 

with no internal power, a small error in the conductance can significantly 

change the temperature. If internal power is dissipated, the change in 

temperature due to an error in conductance is less. If the conductance 

The curves illustrate the sensitivity in temperature change due 

is made large or the emittance very small, the change in temperature due 

to an error in conductance or emittance becomes smaller. Thus, the 

temperatures of thermally de-coupled appendages with small internal power 

dissipations are extremely sensitive to errors in the conductance or 

effective radiating area. When the conductance is zero, i.e., completely 

de-coupled, the error in temperature is 
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These s i t u a t i o n s  w i l l ,  i n  genera l ,  be  more d i f f i c u l t  t o  model success- 

f u l l y  than cases  where t h e  conductance is r e l a t i v e l y  high. 

model appendages, p a r a s i t i c  heat  leaks from instrumentat ion w i r e s  be- 

come problems. 

d i f f i c u l t  because sf ih2  a v a i l s h i l i t y  of low conduct ivi ty  i s o l a t i n g  

materials. 

c a r e f u l l y  reproduced. 

reasonably l a r g e  o r  the  e f f e c t i v e  rad ia t ing  is  very s m a l l ,  q u i t e  l a r g e  

e r r o r s  can be t o l e r a t e d  i n  modeling e i t h e r  t h e  conductance o r  area 

without s i g n i f i c a n t l y  a f f e c t i n g  t h e  temperature. Each s i t u a t i o n  w i l l  

have t o  be sepa ra t e ly  evaluated t o  determine which va r i ab le s  must be 

most c l o s e l y  cont ro l led  t o  insure  s i m i l a r i t y  i n  model and prototype. 

W e  w i l l  next consider a s u n l i t  appendage, i s o l a t e d  conductively 

I n  small 

The sca l ing  of low conductance bol ted  j o i n t s  becomes 

In addi t ion ,  t h e  emittances i n  model and prototype must be 

On t h e  o the r  hand, when t h e  conductances are 

from t h e  spacecraf t ,  whose temperature is  f ixed  by i n t e r n a l  power d i s s i -  

pa t ion  and absorbed sunl ight .  The appendage i s  assumed t o  be i l luminated 

by sun l igh t  over a por t ion  of i t s  area AI,  which i s  covered with a multi-  

l aye r  i n su la t ion .  The remaining area A * -  -=-m-d to be unshielded. 

(Typical examples of t h i s  type are the  magnetometer and ion  chamber 

2 Lu uy---- 

experiments on Mariner I V . )  Neglecting t r a n s i e n t  e f f e c t s ,  a heat  bal-  

ance on t h e  appendage y i e l d s  the  equation 

where c2 - emittance of t he  unshielded area  A2 

a/E - s o l a r  absorptance t o  emittance r a t i o  of t h e  

P - i n t e r n a l  power (wat ts)  

S - sunl ight  inc ident  on t h e  outermost i n su la t ion  
l aye r  (watts) 

outermost l a y e r  of i n su la t ion  facing t h e  Sun 
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l~ - sh ie ld ing  f a c t o r  of t h e  i n s u l a t i o n  

The temperatures are p lo t t ed  i n  Figure 15 f o r  a s o l a r  i n t e n s i t y  cor- 

responding t o  one s o l a r  constant  wi th  a s o l a r  absorptance t o  emittance 

r a t i o  of un i ty  as a func t ion  of t h e  r a t i o  of t h e  e f f e c t i v e  areas of t h e  

sh ie lded  and unshielded por t ions  of t h e  appendage. 

f a c t o r  of t h e  i n s u l a t i o n  (propor t iona l  t o  t h e  number of l aye r s )  is l a rge ,  

t h e  instrument is  de-coupled from sunl ight  and t h e  instrument temperature 

i s  s e n s i t i v e  t o  small u n c e r t a i n t i e s  i n  t h e  sh ie ld ing  f a c t o r  o r  e f f e c t i v e  

emittance of t h e  unshielded por t ion .  The e f f e c t s  are amplified when t h e  

i n t e r n a l  power d i s s i p a t i o n  is extremely small. 

ing f a c t o r  is l a r g e  t h e  d i f f e rence  i n  temperatures when t h e  i n t e r n a l  power 

is turned off becomes extremely s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  effec-  

t i v e  emittance of t h e  unshielded portion. 

When t h e  sh ie ld ing  

Simi la r ly ,  when t h e  shield-  

I n  modeling s u n l i t  appendages with small i n t e r n a l  power d i s s ipa t ion ,  

t h e  emittances of unshielded por t ions  must be c a r e f u l l y  cont ro l led  i n  

the mode: if t5e sppendage is poorly coupled t o  the  Sun by use of insu- 

l a t i o n .  

appendages where i t  is des i red  t o  minimize t h e  temperature excursion of 

t h e  instrument due t o  t h e  change i n  so l a r  i n t e n s i t y  encountered i n  t h e  

This s i t u a t i o n  is  t y p i c a l  of many in t e rp l ane ta ry  spacecraf t  

c ru ise"  por t ions  of t h e  f l i g h t .  I t  

7 1  
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IV. Thernal ???de l ion  of a Vsvager-type Suacecraf t 

Descr ipt ion of Typical Prototyue Configuration 

An over-al l  view of a t y p i c a l  conceptual design for  t h e  Voyager 

spacecraf t  fs shmm io P i g w e  16. The spacecraf t  conta ins  two main 

sections--the spacecraf t  "bus," which cons i s t s  of a l l  items below t h e  

f l i g h t  capsule  i n t e r f a c e ,  and a separable  s t e r i l i z e d  capsule  t o  be landed 

on t h e  Martian surface.  

parking o r b i t  f o r  approximately 1.5 hours, an  i n j e c t i o n  and acqu i s i t i on  

phase f o r  approximately six hours. 

Sun-oriented with t h e  spacecraft-Sun vector  co l inea r  with the  r o l l  axis. 

The in t e rp l ane ta ry  c r u i s e  during t r a n s f e r  from Earth o r b i t  t o  Mars w i l l  

r equ i r e  approximately 230 days. 

during t h i s  per iod except f o r  perhaps br ief  per iods of mid-course man- 

euvering. Approaching Mars, t h e  retro-propulsion system w i l l  be f i r e d  

t o  place t he  e n t i r e  system i n  an o r b i t  around Mars. During one of t h e  

o r b i t s ,  t h e  s t e r i l i z a t i o n  c a n i s t e r  v i l l  5e separated from the  capsule,  

and t h e  capsule  w i l l  then  be separated from t h e  Voyager spacecraf t .  

The capsule  w i l l  be de-orbited,  e n t e r  the  Martian atmosphere, and land 

on t h e  Martian su r face  by use of a separa te  propulsion system and a 

parachute  system. 

capsule  payload of s c i e n t i f i c  instruments and the  te lemetry equipment 

used t o  transmit d a t a  t o  the  o r b i t i n g  Voyager spacecraf t  bus which w i l l  

act as a r e l a y  l i n k  t o  Earth.  

The over-al l  s i z e  of t he  Voyager spacecraf t  bus i s  approximately 

The proposed mission p lans  inc lude  an Earth 

The e n t i r e  spacecraf t  w i l l  then be 

The spacecraf t  w i l l  be Sun-oriented 

An en t ry  heat  sh ie ld  w i l l  be provided t o  p ro tec t  t he  

3-4 t i m e s  t he  s i z e  of 

~atelg 15,000 l b s .  of 

t h e  Mariner IV. 

which 12,700 l b s .  w i l l  be propulsion system mass. 

The over-al l  mass w i l l  be approxi- 
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The diameter of the bus is approximately 12 feet compared to 4-112 feet 

for Mariner IV. 

IV) containing the electronics for science instruments, power condition- 

ing, data storage, telemetry, guidance and control, etc. 

houses the large modified Minuteman solid propellant retro-propulsion 

engine, four thrust vector control bi-propellant engines, and associated 

propellant and pressurant tankage. The solar panel array has a diameter 

of approximately 20 feet and is fixed to the spacecraft bus. 

power dissipated within the bus is expected to be of the order of 500 

watts during cruise modes, compared to 150 watts for Mariner IV. As 

shown in Figure 16, variable emittance temperature control louver assem- 

blies will be attached to some of the electronic bays. 

a magnetometer and a planet scan platform in the deployed position. 

The bus consists of 16 bays (compared to 8 on Mariner 

The bus also 

The internal 

Also shown are 

It is expected that the thermal control philosophy used in design- 

ing Mariner IV will perhaps be employed in the design of the Voyager 

spacecraft bus. The electronic bays w i l l  be themally i sn la ted  as much 

as possible from the solar arrays and rocket engines which are directly 

heated by incident sunlight to minimize the temperature excursions caused 

by the change in solar intensity from Earth to Mars orbit. 

of the spacecraft at the capsule interface will also be insulated to 

minimize heat losses to outer space after capsule separation. Thus, 

the internal power dissipated radially through the louvers and other 

shielded or unshielded bays will be used to set temperature levels 

within the bus. 

ture excursions caused by changing power dissipation or variable heat 

loads from the environment. Approximately 50 lbs. of insulation mass 

The bottom 

The louvers will be used to minimize internal tempera- 
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have been allocated for thermal control. 

A section view of the capsule is shown in Figure 17. The total 

mass is expected to be approximately 3000 pounds. 

mately 15 feet in diameter, and 5-1/2 feet high. 

the separabie sterilization canister, the attitude ccatrol gas storage 

vessels and the payload equipped with parachute canisters. 

including scientific instruments, TV cameras, penetrometer, and assoc- 

iated electronic equipment is shown mounted centrally with separate tem- 

perature control louvers. The heat shield for the payload would be 

located beneath the sterilization canister. Not shown in Figure 17 are 

two 45 inch diameter altimeter antennae which are located in the capsule 

separation plane. 

not include the sterilization canister, adapter ring, heat shield and 

deflection engine. 

It will be approxi- 

The section view shows 

The payload, 

In the descent configuration the payload would 

It is presumed that during interplanetary cruise, the entire capsule 

wili be highly insulated to ininiccize the internal power dissipation re- 

quired to maintain adequate storage temperatures for the electronics and 

other instruments. 

available for maintaining internal temperatures during this period. 

weight of insulation is expected to be of the order of 80 pounds. 

entry heat shield may be of the order of 1/4" in thickness with a conduc- 

Approximately 150 watts of internal power will be 

The 

The 

-5 Btu-ft tivity of 10 
ft secR 

The over-all desired temperature limits of internal electronic 

equipment, etc., are expected to lie between 0 and +40C. 
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The Modelinjz Problem--General Considerations 

One purpose of t h i s  r epor t  is  t o  present approaches t o  designing 

thermal s c a l e  models of t h e  Voyager spacecraf t  a t  1 /2  and approximately 

1 / 5  sca l e .  

preservation" technique, and t h e  technique i n  which t h e  model and proto- 

type temperatures d i f f e r  by a f ixed  but p red ic t ab le  r a t i o .  

of preserving materials i n  model and prototype w i l l  be regarded as one of 

t h e  l a t t e r  approaches. 

Model design approaches w i l l  be  presented f o r  t h e  "temperature 

The concept 

I n  discussing t h e  var ious approaches t o  t h e  modeling problem, t h e  

following spacecraft-capsule configurations w i l l  be  considered: 

1. The spacec ra f t  with en t ry  capsule attached--including t h e  

s t e r i l i z a t i o n  c a n i s t e r .  

The e n t r y  capsule a f t e r  separat ion from t h e  spacecraf t  with 

s t e r i l i z a t i o n  c a n i s t e r  attached. 

2 .  

3. The e n t r y  capsule without s t e r i l i z a t i o n  can i s t e r .  

Previous discussions were devoted t c  t he  ger?eral advantages of using 

modeling techniques i n  spacecraf t  development. I n  order t o  f i x  ideas  

regarding t h e  thermal modeling of a Voyager-type spacecraf t  a t  one-half 

and one-f i f th  s c a l e ,  a number of per t inent  dimensions, masses, and t e s t i n g  

requirements are presented i n  Table 4. The estimates of t h e  masses of 

prototype and model test configurat ions w i l l  only be approximate since the  

models and some test ve r s ions  of t h e  prototype may no t  contain a l l  of t h e  

e l e c t r o n i c s  and, t he re fo re ,  w i l l  be  l i g h t e r  than t h e  f l i g h t  model. It 

is s i g n i f i c a n t  t o  note  t h e  d i f f e rences  i n  mass and t h e  s o l a r  simulator 

t e s t i n g  t i m e  requirements of models and prototype s ince  t h e  d i f f e rences  
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Table 4 

Comparison of Voyager and Scale-Model Size,  
Weight, and T e s t  Requirements 

Prototype 1/2-Scale Model 1 /5  Scale  Model 

Over-all Dimensions ( f t ) 

Diameter (deployed configur- 
a t ion)  32 

Diameter ( s o l a r  panels) 20 

Height (capsule a t tached)  20 

Spacecraft  bus mass (lbs) 2,300 
Propulsion system mass 12,700 

Capsule mass 3,000 
Thermal t i m e  constant  of 

7.2 days 1 capsule ( typ . ) 
chamber required t o  test 
spacecraf t  bus2 (typ. ) 

Diameter of s o l a r  beam re- 
quired 
Maximum (deployed) 32 

10 Minimum 

T e s t  t i m e  i n  s imulat ion 

80 hours 

3 

16 

10 

10 

290 

1600 

375 

1.8 days 

20 hours 

16 

5 

6.5 

4 
4 

18 

100 

24 

7 hours 

3 hour6 

6.5 

2 

1. 

with 150 watts of power. 

preservat ion" techniques with d i s t o r t e d  geometry in minor dimensions. 

Based on in su la t ion  requirements t o  maintain OC Internal temperature 

Time constants  of models based on "temperature 

2. Extrapolated from test t i m e  of 20 hours for Mariner IV (MC-3) a t  

a mass of 575 pounds. 

shroud cooldown t o  thermal equilibrium a t  one s o l a r  constant.  

The time is computed from I n i t i a t i o n  of chamber 

3. 
with hea te r  s imulat ion of s o l a r  panel array. 

Minimum s o l a r  beam diameter based on i l lumina t ing  spacecraf t  bus 
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are r e l a t e d  t o  t h e  ease of handling and the test  cos ts .  

importance is  t h e  thermal t ime constant  of t h e  capsule.  

s u l e  is expected t o  be highly in su la t ed ,  the  time constant  of t h e  pro- 

to type  wil l  be about seven days--it may take several time cons tan ts  for 

t h e  i n t e r n a l  temperatures of t h e  capsule  t o  e q u i l i b r a t e .  

i n  t e s t i n g  t i m e  using models are considerable.  

s o l a r  beam required f o r  t e s t i n g  are a l s o  important. 

a t  present ,  few, i f  any, opera t iona l  s imulat ion f a c i l i t i e s  have t h e  

c a p a b i l i t i e s  f o r  i l lumina t ing  an e n t i r e  Voyager-type spacecraf t  i n  a 

deployed configurat ion.  To p i c t o r i a l l y  i l l u s t r a t e  t h e  relative d i f -  

fe rence  i n  s i z e s  of a prototype and ha l f - sca le  model, photographs of a 

Mariner TCM and 0.43 scale model are shown i n  Figures  18 and 19. 

Thermal Modeling of Spacecraft  Bus 

Of p a r t i c u l a r  

Since t h e  cap- 

The savings 

The dimensions of t h e  

It is noted t h a t ,  

S t r u c t u r a l  Frame and Shear Webs 

To present  approaches f o r  s ca l ing  the  "bus" sec t ion ,  w e  w i l l  aesume 

t h a t  t h e  bas i c  construct ion w i l l  be simiiar to that USP,:! in  the Mariner 

I V  design. 

approximately 2.5  times t h e  diameter of t h e  Mariner I V  and t h e  thickness  

of s t r u c t u r a l  members w i l l  be increased by a f a c t o r  of approximately 3. 

Further ,  w e  w i l l  assume t h a t  t h e  Voyager prototype w i l l  be 

* 

The b a s i c  cons t ruc t ion  is assumed t o  cons is t  of an upper and lower frame 

with longerons a t  each of t h e  16 bay corners ,  with shear  webs ( sk in  

panels) bo l ted  t o  t h e  frame and longerons. A photograph of a t y p i c a l  

* The sca l ing  of s t r u c t u r a l  members depends on the  type of loading, 
whether t he  s t r u c t u r a l  problems a r e  s t a t i c  o r  dynamic, etc. However, 
t h e  thickness  of p l a t e s  and s h e l l s  w i l l  scale-up by a f a c t o r  con- 
s ide rab ly  less than the  square of the  r a t i o  of major dimensions. 
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FIGURE 18 MARINER MARS 64 TEMPERAl'URE CONTROL MODEL 



FIGURE 19 THERMAL SCALE MODEL - TOP VIEW 
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arrangement of longerons, shear webs and upper and lower frames is shown 

in Figure 20. This photograph is of a 0.43 scale model of the Mariner 

IV, however, it shows a typical design configuration. The shear webs, 

or skin panels are used to support electronic modules, and the thermal 

control louvers are bolted to the exterior surfaces. Views of the in- 

terior of the Mariner IV TCM illustrating the general packaging arrange- 

ment and structure are shown in Figures 21 and 22. 

One concern in modeling the frames, longerons and shear webs is the 

determination of whether or not temperature gradients from bay-to-bay, 

which are introduced by non-uniform power dlssipations, are controlled 

by conductive or radiative effects. Typically, the internal power gen- 

erated varies from bay to bay. In Mariner IV, three of the bays dissi- 

pated 39%, 20% and 14% of the total power. The non-uniform power disei- 

pations thus give rise to azimuthal temperature gradients, although the 

gradients may be smoothed somewhat by the action of variable-emittance 

temperature control louvers. Similarly, axial temperature gradients 

are introduced by the non-uniform power dissipation within a given bay. 

A second consideration in the scaling of the shear webs or skin panele 

to which electronic modules are bolted is the simulation of the thermal 

constriction resistance (c.f. Section 111) around those bolted joints 

which transmit heat from modules with high internal power. If radiative 

effects control the azimuthal or axial temperature gradients, deviations 

from exact modeling of conductive paths may be made without introducing 

errors provided that the radiative properties (emittance and view fac- 

tors) are properly scaled. 
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To obtairi a3 estimate of the relative effects of radiation and con- 

duction in determining temperature gradients within the bus, we will 

consider a simplified model of the structure. We assume that the struc- 

ture can be represented by a cylindrical shell of radius r, equivalent 

thickness t and length b, and that the average temperature of the inter- 

ior can be represented by a single temperature r. The interior surface 

of the shell is assumed to have an emittance of unity and the exterior 

to have an emittance E . If the azimuthal distribution of power (per 

unit length) is of the form 
0 

where 

X P (x) = Po + p1 cos - r 
- 

P1 - 
x - distance along the circumference 

r - radius 

average internal power per unit length 

amplitude of power variations 

(61) 

the magnitude of the azimuthal temperature difference is given by the 

f o m d a  

p1 
l A T '  = kt+ 4 (E  + 1) aT3 

2 0 r 

(62) 

The first term in the denominator represents the smoothing effect due 

to conduction around the cylinder, the second term represents the radia- 

tive smoothing. 

A similar formula for the magnitude of the axial temperature dif- 

ference can be obtained for the case in which the axial distribution of 

power is of the form 
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where 

1 
m P(x') - P:, + P; cos - b 

1 
x - axial distance 
b - height of cylinder 

P(x'> - a-nizl distribution of power 

If the top and bottom are well-insulated, the formula is 

(64) . .  - + 4 (1 + Eo) 0T3 
b2 

In Table 5, we have listed the ratio of conductive to radiative 

"smoothing factors" for a typical Voyager configuration. The average 

external emittances were assumed to be 0.12 and 0.86 corresponding to 

cases where all louvers are closed and open, respectively. The material 

was chosen to be magnesium (ZK 60A T5, k - 1.2 w/cm-K at ZOC), and other 

typical dimensions are listed below. 

r - 60 in. 
b - -_  52 in. 

t - 0.3 in. - 
T - 273 K (32F) 

Table 5 

Relative Effects of Radiation and Conduction 
in Determining Temperature Gradients 

Azimuthal gradients 

Axial gradients 

88 

Ratio of radiative to conductive 
smoothinn factor 

t - .86 
0 

€ - 0.12 
0 

13.1 21.7 

1.0 1.7 



Table 5 shows t h a t  r a d i a t i v e  e f f e c t s  d m i n a t e  t h e  azimuthal d i s t r i b u t i o n ,  

however, conductive e f f e c t s  are as important as r a d i a t i v e  e f f e c t s  i n  de- 

termining t h e  axial temperature g rad ien t s  i n  bays t h a t  are highly shielded 

or ksve closed Irrwers. 

From t h i s  simple ana lys i s ,  i t  may be concluded t h a t  t h e  frame members, 

which only con t r ibu te  t o  smoothing t h e  azimuthal g rad ien t s ,  need not  be 

exac t ly  sca led  f o r  conductive e f f e c t s .  The conductive pa ths  in shear  

webs and longerocs should be modeled because t h e  a x i a l  g rad ien t s  w i l l  be 

influenced by t h e i r  conductance. 

I n  t h e  following t a b l e  are l i s t e d  seve ra l  t y p i c a l  prototype materials 

and candidate  materials f o r  112 and 115 s c a l e  models designed i n  accord- 

ance with t h e  temperature preserva t ion  technique where a l l  dimensions and 

conduc t iv i t i e s  are scaled.  

Table 6 

Typical  Materiais S e k c t i o o  f o r  1!2 and 115 Sca le  Models 

Prototype 1/2 Scale Model 115 Sca le  Model 

6061 T6 A l .  (1.55)* 

2024 T6 A l .  (1.47) A l .  Bronze Alloy 9C(.71) 410 S.S. (.27) 

ZK 60 A Mag. (1.21) SAE 1020 Steel (.63) Monel (.26) 

AZ 31 B Mag. (0.77) Copper Alloy Type CDA 301 S.S. (.157) 

Beryllium-Sintered (1.74) Phosphor Bronze Type 544 Cast i r o n  60-45-10 

AZ31 B Mag. (0.77) Cupro-Nickel 30% (.29) 

757 (.39) 

( 87) ( 35) 

* Numbers i n  parentheses  are conduct iv i t ies  i n  w/cm-K. 
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From t h i s  t a b l e  i t  can be seen t h a t  model materials with approximately 

scaled conduc t iv i t i e s  (within + 10%) can be  found. 

t h a t  many o the r s  can be found should t h e  material s e l e c t i o n  be influenced 

by cos t ,  de l ivery ,  o r  fabrication. 

It is t o  be noted - 

I f  i t  is des i red  t o  use techniques where temperatures are not  pre- 

served i n  model and prototype, two choices e x i s t .  I f  materials are pre- 

served and a l l  dimensions are exac t ly  scaled because three-dhens iona l  

heat  flow e f f e c t s  are important within conductive members, t h e  tempera- 

t u r e  r a t i o s  for t h e  1/2 and 1 /5 th  s c a l e  models w i l l  be 

Tm T m 

P P 
1 / 2  scale - T =  1.26, 1 /5  s c a l e  T = 1 .71  

From experience i n  analyzing t h e  behavior of Mariner IV, we be l ieve  t h a t  

three-dimensional hea t  flow e f f e c t s  i n  conductive members are, i n  gen- 

eral ,  unimportant and, therefore ,  we suggest t h a t  Equation (23b) i n  

Section 11 be ssed t o  design the structure. 

where 6 - thickness  of members 

R - sca l ing  r a t i o  - Lm'Lp 

The use of t h i s  "two-dimensional" approach requi res  t h a t  a temperature 

r a t i o  be se lec ted .  The conductive paths are scaled by use of Equation 

(23a) and t h e  i n t e r n a l  powers are selected by use of t h e  o ther  equations 

presented i n  Table 2,  v i z .  (24b, 25b, 26b). The temperature r a t i o  chosen 

should be based on t h e  a v a i l a b i l i t y  of louver ac tua t ing  spr ings as described 
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i n  Section 111. 

allows t h e  use of i d e n t i c a l  materials with geometr ical ly  d i s t o r t e d  p l a t e  

thickness ,  o r ,  a t  t h e  o ther  extreme, scaled thicknesses  with d i f f e r e n t  

rmiducti.;ities. Here t h e  choice of s i z e s  and conduc t iv i t i e s  w i l l  depend 

on t h e  d e t a i l s  of t h e  prototype. 

Note t h a t  the use of t h e  "two-dimensional" technique 

Elec t ronics  Modules 

An i n t e r n a l  view of an e l e c t r o n i c s  bay (Mariner TCM) i l l u s t r a t i n g  

t h e  packaging of e l ec t ron ic s  modules (sub-chassis) i s  shown i n  Figure 

22.  

t o  t h e  shear  web and longerons. F i r s t ,  i t  is  important t o  determine 

t h e  need f o r  s ca l ing  t h e  heat  flow paths i n  t h e  bol ted j o i n t s .  

with low i n t e r n a l  d i s s i p a t i o n  w i l l  not  operate  a t  temperatures much 

higher  than t h e  average i n t e r n a l  temperature, even i f  they are de-coupled 

conductively from t h e  shear web. 

maximum temperature d i f f e rence  between a module and shear web (which 

is t h e  heat  s i n k j ,  w e  assume t%at the m d u l e  is completely de-coupled 

conductively and t h a t  t he  average temperature of t h e  i n t e r i o r  of t h e  

spacecraf t  and surroundjng modules i s  T . 
t he  module i s  not l a rge ,  t he  temperature d i f f e rence  between t h e  module 

and i n t e r i o r  i s  given by 

Typical ly ,  t h e  bays may contain 10 t o  20 modules which are bol ted 

Modules 

To determine t h e  magnitude of t h e  

I f  t h e  temperature rise of 
0 

P 
4A E 0T03 

AT - 
where P - power d i s s ipa t ion  (wat ts)  

E - emittance of t h e  module 

A - sur face  area of t h e  module (cm ) 2 
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Some t y p i c a l  temperature d i f fe rences  have been tabulated i n  Table 7 f o r  

t o  support modules having a high emittance and power d i s s i p t i o n s  less 

than 1 w a t t  need not be modeled. 

be of t h e  order  of 3.3K (6F). The heat flow through bol ted j o i n t s  of 

1 The maximum e r r o r  i n  temperature w i l l  

a 6 x 6 x 2 inch module having emittances of 0.04 or 0.85 corresponding 

t o  a gold-plated ( f o r  RJ? sh ie ld ing)  or black anodized f in i sh .  The 

I 
I 

For reference,  59 of approximately 75 modules within t h e  Mariner IV epace- 

c r a f t  had power d i s s ipa t ions  of less than one w a t t .  

were gold p la ted  t o  have a low emittance. 

most e l e c t r o n i c  modules, t h e  l o c a l  temperatures w i l l  be determined by 

r a d i a t i v e  e f f e c t s  and sca l ing  of the  modules o r  bol ted j o i n t s  w i l l  not 

be important. 

1 Of these,  only t h ree  

Thus, we conclude t h a t  i n  

The temperatures of modules with a high power d i s s ipa t ion  

average i n t e r i o r  temperature of t h e  spacecraf t  is assumed t o  be 273K 

(32F). 

Table 7 

Temperature Difference of Elec t ronic  Modules 
(No conductive coupling t o  shear  web) 

Power--watts 

0.125 

0.25 

0.50 

1.0 

5.0 

Temperature Difference ( K l  

E = 0.04 E = 0.85 

8.8 

17.5 

35.0 
- 

0.4 

0.8 

1.7 

3.3 

16.5 

This t abu la t ion  shows t h a t  the thermal behavior of t h e  bolted j o i n t s  used 

modules having a low emittance or very high power d i s s ipa t ion  is cri t ical .  
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per  u n i t  area such as ampl i f i e r s ,  power suppl ies ,  i n v e r t e r s ,  o r  those  

with low su r face  emit tance w i l l  be dependent on sca l ing  t h e  hea t  flow 

c h a r a c t e r i s t i c s  of bol ted  j o i n t s .  

Because t h e  power d i s s ipa t ed  pe r  u n i t  area wi th in  most modules is 

small, t h e  conductive pa ths  wi th in  a given module need not  be exac t ly  

scaled.  

model t h e  conductive pa ths  wi th in  t h e  module. 

should be encountered a t  1 /2  or 1 / 5  scale i n  e i t h e r  case. 

Again, f o r  high power d i s s ipa t ions  it w i l l  be  necessary t o  

No p a r t i c u l a r  d i f f i c u l t i e s  

It is assumed i n  t h i s  d i scuss ion  tha t  t h e  power d i s s ipa t ed  i n  t h e  

a c t u a l  e l e c t r o n i c s  modules of t h e  prototype w i l l  be simulated by use of 

hea te r s  i n  t h e  models. This technique has been used successfu l ly  by JPL 

i n  tests of Temperature Control Models where t h e  a c t u a l  e l e c t r o n i c s  

are not  ava i l ab le ,  and i n  tests of t h e  0.43 scale thermal model of 

Mariner I V .  

I n  some e l e c t r o n i c s  packaging configurat ions,  t he  s p a t i a l  d i s t r i -  

but ion of power d i s s i p a t i o n  within a given bay is iioz-uniform. 

cases, f o r  accura te  modeling, t he  power should be d i s s ipa t ed  i n  individ- 

u a l  modules. 

s t i t u t e  one heat ing element having a uniform power d i s s i p a t i o n  per  u n i t  

area for t h e  ind iv idua l  modules. Figure 23 i l l u s t r a t e s  one method used 

i n  t h e  0.43 s c a l e  thermal model of Mariner I V  t o  s imulate  t h e  s p a t i a l  

d i s t r i b u t i o n  of power by use of ind iv idua l ly  heated modules. Figure 24 

shows another method of s imulat ing the  e n t i r e  power d i s s i p a t i o n  by use 

of a s i n g l e  hea te r  element a t tached t o  t h e  shear web. 

I n  such 

However, f o r  preliminary tests i t  may be use fu l  t o  sub- 

Resul ts  of 
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FIGURE 24 MODIFIED BAY 6 CONFIGURATION - TEST 4 
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* 
tests 

by uniformly d i s t r i b u t i n g  the power are less than  5F. 

is attractive f o r  prel iminary modeling t e s t s .  Furthermore, i f  t h e  

sizes of t h e  Voyager e l e c t r o n i c  modules a r e  similar t o  those  used i n  

Mariner I V ,  t h e  technique of replacing the  ind iv idua l ly  heated modules 

by a s i n g l e  hea ter  may be  t h e  only p r a c t i c a l  method of s imulat ing t h e  

i n t e r n a l  power d i s s i p a t i o n  f o r  a 1 /5 th  sca l e  model. 

comparing t h e  two cordigurat ions show t h a t  t h e  e r r o r s  introduced 

This  technique 

The power d i s s i p a t i o n  i n  each module is r e l a t e d  t o  t h e  corresponding 

prototype d i s s i p a t i o n  by t h e  equation (c.f. Eqs. (24a, b)) 

T 4  - = R 2 -  % m 

T 4  
P qP 

where q - power d i s s i p a t i o n  - w a t t s  

R - scale r a t i o  Lm/L 
P 

and m ,  p, r e f e r  t o  model and prototype. 

I f  temperatures are preserved the  power d i s s i p a t i o n s  ocak a the square 

of t h e  sca l ing  r a t i o .  For models designed t o  have d i f f e r 2 n t  tempera- 

t u r e s  than the  prototype,  t h e  r a t io .  of absolute  temperatures would b& 

s e l e c t e d  a p r i o r i .  (The s e l e c t i o n  of a convenient temperature sca l ing  

r a t i o  would be most l i k e l y  based on a considerat ion of t he  p r a c t i c a l  

problems assoc ia ted  with sca l ing  the  behavior of temperature con t ro l  

louvers .  1 

* ' "Thermal Scale Modeling of t h e  Mariner I V  Spacecraft ,"  F ina l  
Report t o  JPL,  Contract 950789, A.D. L i t t l e ,  Inc. ,  Cambridge, 
Mass., 20 August 1965. 
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Temperatr?re Control Louvers 

A genera l  d i scuss ion  of problems r e l a t i n g  t o  modeling of tempera- 

t u r e  con t ro l  louvers  has  been presented i n  Sec t ion  111. 

of these  f ind ings  with respec t  t o  modeling Voyager temperature con t ro l  

louvers  a t  112 and 115 scale w i l l  be summarized i n  t h e  following para- 

graphs. 

The importance 

I f  t h e  Voyager louver assemblies are equal  i n  s i z e  o r  smaller than 

2 t he  louvers  used on Mariner I V  (approximately 1.62 f t  , 15'' x 15", i n  

a r e a ) ,  1/5 s c a l e  models do not appear p r a c t i c a l .  One-half s c a l e  models 

with ind iv idua l ly  ac tua ted  blades could be success fu l ly  fabr ica ted .  

Based on previous experience,  t he  smallest  louver assembly which could 

be conveniently f ab r i ca t ed  is l imi ted  to  about a 6" x 6" s i z e  assuming 

t h a t  ind iv idua l ly  actuated blades are used and t h a t  thermal s imi l i t ude  

must be r e t a ined  i n  model and prototype. 

assembly would have t o  be about 30" x 30" t o  be modeled at 1 /5  scale. 

Thus, a prototype Voyager 

Mnrleli~lg of louver assemblies when temperatures i n  model and pro- 

I f  analyses  of t he  Voyager to type  d i f f e r  introduce o the r  l imi ta t ions .  

spacecraf t  bus show t h a t  three-dimensional heat  flow pa ths  are s ig-  

n i f i c a n t ,  the  maximum temperatures of 1/2 and 1 /5  s c a l e  models of a 

prototype operat ing at 300K (80F) w i l l  be 378K (220F) and 514K (463F). 

A one-half scale model of a louver assembly designed by t h i s  technique 

appears p r a c t i c a l ,  however, t h e  high temperature l e v e l  i n  a 1 /5  scale 

model would introduce problems i n  t h e  manufacture of t h e  bi-metal elements 

used f o r  ac tua t ion ,  and i n  t h e  f ab r i ca t ion  of blades,  etc., where t y p i c a l l y ,  

cements are used f o r  assembly of components. 
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For these reasons, the design of scaled temperature control louvers 

will be the dominant factor in determining the scaling ratio and tempera- 

ture level of models of a typical Voyager spacecraft. 

information is develeged on the details of the Voyager prototype, it will 

be assumed that actively controlled louvers cannot be modeled at 1/5 scale. 

The alternative is to replace the variable-emittance louver assemblies 

on the model by equivalent areas of fixed emittance corresponding to the 

emittance of the prototype louvers in either the closed or open positions. 

Some useful information on the maximum range of average internal tempera- 

tures could be obtained by tests with such a configuration. 

Until further 
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Solar  Array and Supports 

The modeling of t h e  s o l a r  a r r ay  and supports f o r  t h e  Voyager as 

shown i n  Figure 16 at  e i t h e r  1 / 2  o r  1 /5  sca l e  w i l l  be s t ra ightforward.  

With t h e  spacecraf t  sun-oriented about the r o i i  axis, t h e  solar panel  

a r r ay  w i l l  be uniformly i l lumina ted  and the  temperature g rad ien t s  i n  

t h e  s o l a r  panels  w i l l  genera l ly  be small. 

w i l l  depend on t h e  i n t e n s i t y  of s o l a r  i l lumina t ion  and t h e  spacecraf t  

temperature. 

s o l a r  i n t e n s i t y  because of t h e  g r e a t e r  in f luence  of r a d i a t i o n  from the  

spacecraf t . )  

a r r a y  need not  be exac t ly  scaled.  

inf luenced by r a d i a t i v e  e f f e c t s ,  it is important t o  reproduce t h e  emi t -  

tances  and s o l a r  absorptances i n  t h e  model. Actual f l igh t - type  s o l a r  

c e l l s  need not be used i n  t h e  model, It is merely necessary t o  reproduce 

t h e i r  emittance and absorptance (obtained film test measurements) with 

a painted surface.  

s c a l e  model of Mariner I V .  

(The magnitude of t h e  grad ien ts  

The temperature g rad ien t s  w i l l  t y p i c a l l y  be l a r g e r  a t  Mars 

Therefore,  t h e  conductive pa ths  wi th in  t h e  s o l a r  panel 

Since t h e  temperatures are s t rongly  

This procedure w a s  successfu l ly  used i n  t h e  0.43 

It is  important t o  note  t h a t  t h e  inf luence  of e r r o r s  i n  modeling 

t h e  s o l a r  panel temperatures on the  i n t e r n a l  temperatures and tempera- 

t u r e s  of s c i e n t i f i c  instruments on Mariner I V  w a s  s m a l l .  

Perhaps, t h e  only problem area i n  modeling t h e  s o l a r  panels  involves 

t h e  s imulat ion of t h e  heat flow between t h e  inboard edge of t h e  panel 

and t h e  spacecraf t  i t s e l f  and t h e  simulation of t h e  hea t  flow between 

t h e  panels  and the  support arms which are shown i n  Figure 16 at tached 

t o  t h e  sk in  panels.  The heat  flow i n  t h e  support arms w i l l  be one- 
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dimensional and t h e  conduction pa ths  can be modeled a t  1 /2  o r  1/5 scale 

by making emittances equal i n  model and prototype and s e l e c t i n g  t h e  thlck- 

ness  of t he  tubular  elements i n  accordance with Equations (23a) and (23b) 

as l i s t e d  i n  Table 2. 

It is important t o  note  t h a t  t h e  diameter of t h e  s o l a r  panels  may 

not have t o  be scaled i n  t h e  model s ince  t h e  r a d i a t i o n  t o  t h e  spacecraf t  

from t h e  outboard edges of t h e  s o l a r  panels is small. 

eter of t h e  s o l a r  s imulat ion beam i s  l imi ted ,  it may be convenient t o  

s imulate  t h e  absorbed s o l a r  f l u x  on t h e  panels by use of hea te rs .  (This 

requi res  t h a t  t he  s o l a r  absorptance of the s o l a r  cells be known.) These 

techniques were successfu l ly  used i n  modeling t h e  Mariner IV s o l a r  panels 

a t  approximately 1 /2  scale. I n  t h a t  case, t h e  simulated s o l a r  beam w a s  

not  l a r g e  enough t o  cover the  e n t i r e  s o l a r  panel and aux i l i a ry  hea te r s  

were used t o  s imulate  t h e  absorbed f l u x .  

Also, i f  t h e  d i e  

Rocket Engines and P r o p e i l a s  

I n  discussing the  modeling of t h e  rocket engines, i t  w i l l  be assumed 

t h a t  t h e  model w i l l  only be used t o  pred ic t  temperatures before  f i r i n g .  

Figure 16 shows t h e  i n s t a l l a t i o n  of four bi-propel lant  t h r u s t  vec tor  

c o n t r o l  engines and t h e  l a r g e  so l id  propel lant  retro-propulsion engine. 

The exhaust nozzles of these  engines are s u n l i t  and t h e i r  temperatures 

w i l l  be mainly determined by r ad ia t ion  e f f e c t s  s ince  typ ica l ly  t h e  

nozzles  are t h i n  i n  c ros s  sec t ion  and made of high-temperature a l loys  of 

f a i r l y  low conductivity.  These f ac to r s  tend t o  make e r r o r s  i n  modeling 

conductive paths  small. Since t h e  heat flow i n  the  nozzles w i l l  be two- 

dimensional, d i s t o r t e d  thicknesses  can be conveniently used i n  designing 
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t h e  conductive pa ths  i n  t h e  1/2 o r  1/5 scale model. 

taken t o  make t h e  emit tances  and s o l a r  absorptances i d e n t i c a l  i n  mod 

and prototype. A t y p i c a l  scale model of a propuls ion engine--the 

mid-course guidance motor of Mariner I V - - i s  shown i n  Figure 20. 

Care should be 

In 

1 

t h i s  case t h e  temperatures of t he  nozzle were d i f f i c u l t  t o  model be- 

cause t h e  motor was shaded from sunl ight  and highly sh ie lded  from t h e  

spacecraf t .  Modeling of t h e  nozzles on t h e  Voyager i s  expected t o  be 

less d i f f i c u l t  because of t he  o r i en ta t ion  with respec t  t o  t h e  Sun. 

The temperature g rad ien t s  and heat  flow p a t t e r n s  i n  t h e  retro- 

propulsion engine and bi-propel lant  tankage can be modeled using sub- 

s t i t u t e  materials. Table 8 lists some s u b s t i t u t e  materials f o r  both a 

1 / 5  s c a l e  model and a model designed i n  accordance with the  materials pre- 

s e rva t ion  technique. 

the  absence of convective e f f e c t s  i n  t h e  space environment. The materials 

l i s t e d  i n  Table 8 are only t y p i c a l  s e l ec t ions ,  many o the r  materials with 

t h e  proper conduc t iv i t i e s  can be found. 

ease of f a b r i c a t i o n ,  cos t  and a v a i l a b i l i t y .  

Sol ids  have been chosen s ince  they w i l l  s imulate  

The s e l e c t i o n  w i l l  depend on t h e  

In  designing scale models of t yp ica l  propuls ion systems, including 

propel lan t  l i n e s ,  s t r u c t u r a l  supports ,  wir ing,  etc., it i s  d i f f i c u l t  t o  

determine how p rec i se ly  each element m u s t  be scaled.  Previous experience 

with modeling t h e  Mariner I V  has shown t h a t  i t  is easier t o  model conduc- 

t i v e  and r a d i a t i v e  paths  than analyze the  thermal behavior of each com- 

ponent t o  determine whether o r  no t  i t  can be omitted,  mocked-up, o r  must I 
be sca led .  
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Table 8 

Typical Materials f o r  Scaling Propel lan ts  

Thermal Conductivity (w/cmK) 

Prototype 

Fuel (Aerozene 50) 

Oxidizer (N204) 

Sol id  Propel lant  1 

k - 1 / 5  2 m  

P 
115-Scale Model - 

Fuel (conductive epoxy-aluminum) 

Oxidizer ( cas t  epoxy - no f i l l e r )  

Sol id  propel lan t  (epoxy foam) 

Materials Preservat ion Model 

f i e1  (Paraf f in  wax)’ 

Oxidizer (Sylgard pot t ing  compound) 

Sol id  Propel lan t  (molded phenolics) 

4 

.151 

.072 

.0059 

.02-. 05 

0.015 

> . 001 

.142 

.061 

.006 

1. Typical Minuteman solid propeiiant.  

2. Many epoxies with and without conductive f i l l e r s  of aluminum 
o r  s i l v e r  can be used f o r  1 / 2  and 1 / 5  s c a l e  models-Emerson 6 C u m i n g ,  
Inc., Canton, Massachusetts--typical vendor. 

3.  Temperature l i m i t a t i o n  of approximately 150F. 

4. Dow-Corning Corporation, Midland, Michigan. 
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Thermal. Modeling of t h e  Suacecraf t  Bus and Entry Capsule 

There are two poss ib l e  approaches t o  modeling t h e  spacecraf t  bue 

with e n t r y  capsule  and s t e r i l i z a t i o n  c a n i s t e r  a t tached  t o  t h e  lower por- 

t i o n  of the brra es shown I n  Figure 16. 

depends upon t h e  na tu re  of t h e  thermal problem. 

t a i l s  of t h e  temperature d i s t r i b u t i o n s  i n  t h e  payload of t h e  entry 

capsule may not  be c r i t i ca l  during t h e  c r u i s e  from Ear th  t o  Mars provided 

t h a t  t h e  average temperatures remain within s u i t a b l e  "storage" limits. 

The primary reason f o r  conducting a thermal test would be t o  v e r i f y  t h e  

adequacy of t h e  i n s u l a t i o n  appl ied t o  the  en t ry  capsule t o  reduce t h e  

hea t  l o s s  t o  outer  space and thereby minimize t h e  hea te r  power require-  

ments. I n  t h i s  case, t h e  d e t a i l s  of the  i n t e r n a l  configurat ion of t h e  

payload could be made extremely simple. 

f luence  the  heat  l eak  through t h e  insu la ted  capsule would need t o  be 

modeled. 

r i ng ,  t h e  in su la t ion  applied t o  the c a n i s t e r  aid a iy  supports, pene- 

t r a t i o n s ,  o r  umbil ical  connections t o  the  e x t e r i o r  sur face  of t h e  steri- 

l i z a t i o n  c a n i s t e r .  

The choice of e i t h e r  approach 

For example, t h e  de- 

Only those components which in- 

They would include t h e  s t e r i l i z a t i o n  c a n i s t e r  and adapter  

The o ther  approach is t o  f a b r i c a t e  a de ta i l ed  thermal model of t he  

payload wi th in  the  capsule as w e l l  as t h e  s t e r i l i z a t i o n  c a n i s t e r ,  adapter  

and in su la t ion .  

s imulat ing condi t ions a f t e r  t h e  capsule had been separated from t h e  bus, 

and t h e  c a n i s t e r  and in su la t ion  separated from t h e  payload. 

The thermal model of t h e  payload could then be used i n  

I n  the  following paragraphs, w e  w i l l  f i r s t  consider t h e  modeling 

of t h e  s t e r i l i z a t i o n  c a n i s t e r  and in su la t ion  system s ince  t h e  
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characteristics of the insillatioa will be most important in determining 

the internal temperatures during the 234 day cruise period. 

scale sterilization canister is assumed to be made of aluminum approxi- 

mately 0.125 inches thick. It is also assumed that the outer surface of 

the prototype may be highly polished to have a low emittance and thus 

decrease the heat loss. 

equal in model and prototype when radiative effects are important, we 

recommend that identical materials be used in model and prototype when- 

ever possible. One-half scale models designed with either the tempera- 

ture preservation or temperature scaling technique would have canister 

thicknesses greater than .030 inches if identical materials were used in 

model and prototype (c.f. Eqs. 23a and b, Table 2). 

tical materials were used in a 1/5 scale model, the wall thicknesses 

The full- 

Because of the importance of keeping emittances 

However, if iden- 

would be 5 mils. 

and, therefore, we recommend that a sheet material of lower conductivity 

be used in a 1/5 scale modei. The o i i t ~ r  surfsee could be coated with 

vacuum-deposited aluminum to have the same emittance as-the prototype. 

Stainless steel stock would be an appropriate choice because of avail- 

ability. 

This thin section would lead to fabrication difficulties, 

The modeling of multi-layer insulations has previously been dis- 

cussed in Section I11 of this report. 

laws showed that the heat fluxes could best be scaled by retaining the 

same number of layers of insulation and the emittances in model and 

prototype if temperatures were preserved in model and prototype. This 

leads to geometric distortions in the insulation thickness since it is 

necessary tc! also preserve the packing density (number of layers per inch) 

A consideration of the scaling 
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i n  roodel and prototype. 

even 1 /5  s c a l e  because t h e  over-al l  dimensions of t h e  prototype w i l l  be 

l a r g e  with respect  t o  t h e  in su la t ion  thickness.  

This i s  not regarded as a se r ious  problem a t  

With models designed t o  have internal temperatures d i f f e r e n t  than 

t h e  prototype, p rec i se  modeling of heat  f l uxes  w i l l  not be poss ib le  

unless  t h e  heat  flow is  completely dominated by rad ia t ion .  In t h i s  

case, r e t a in ing  t h e  same number of l aye r s  and t h e  emittances Wil l  properly 

s c a l e  t h e  heat  flow. I f  conductive e f f e c t s  inf luence t h e  heat  flow, it 

i s  not poss ib le  t o  c o r r e c t l y  s c a l e  t h e  heat  f l u x  unless  t h e  r a t i o  of 

conductive t o  r a d i a t i v e  t r anspor t  is known f o r  t h e  p a r t i c u l a r  i n su la t ion  

used on t h e  prototype. T e s t s  of t h e  prototype in su la t ion  would be re- 

quired t o  determine a s u i t a b l e  scheme f o r  modeling in su la t ions  in t h i s  

case. 

Thermal Modeling of t he  Entry Capsule Without 
S t e r i l i z a t i o n  Canis ter  

Modeling of t h e  i n t e r n a l  components of the paylzad can be accm- 

plished by use of t h e  same techniques proposed f o r  t h e  spacecraf t  bus. 

I f  temperature con t ro l  louvers  are used on t h e  e l ec t ron ic  compartments 

t h e  f e a s i b i l i t y  of using 115 scale models is questionable because of 

t h e  small s i ze .  

There are seve ra l  poss ib le  configurat ions which may be used In 

thermal tests of t h e  en t ry  capsule. One i n  which t h e  en t ry  heat  sh i e ld  

is a t tached  and another i n  which t h e  heat  s h i e l d  has been separated from 

t h e  capsule  payload. I n  t h e  f i r s t  case, i t  w i l l  be necessary t o  model 

t h e  r a d i a t i v e  c h a r a c t e r i s t i c s  of t h e  sur faces  of t h e  heat  sh i e ld  since 

t h e  capsule  may be Sun-oriented. The importance of modeling t h e  conductive 
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I -  
paths  i n  t h e  en t ry  heat  sh i e ld  w i l l  depend on t h e  thickness  and conduc- 

t i v i t y  of t he  material. 

6 x watts/& 

snd is "black", the temperature drop across  t h e  hea t  sh i e ld  would be 

approximately 9K (16F) f o r  an i n t e r i o r  temperature maintained at  300K 

(80F) and t h e  outer  sur face  of t h e  sh ie ld  i l luminated by sunl ight .  

t h e  sh i e ld  were facing away from t h e  Sun, t h e  temperature drop would be 

of t h e  order  of 30K (54F). Because these d i f fe rences  are r a t h e r  l a rge ,  

i t  is  recommended t h a t  t h e  conductive paths i n  t h e  heat  sh i e ld  be 

scaled.  

with d i f f e r e n t  thermal conduct iv i t ies  could be used. 

are ava i l ab le  i n  the  required range of conduct iv i t ies ,  e.g., epoxy 

I f  t h e  heat  sh ie ld  has  a conduct ivi ty  of 

Btu/sec f t  R), is approximately 1/4 inch th ick ,  

I f  

E i ther  geometric d i s t o r t i o n s  o r  t h e  s u b s t i t u t i o n  of materials 

(Many choices 

foams.) 

The transmissive p rope r t i e s  of the window i n  t h e  heat  sh i e ld  (used 

f o r  TV camera viewing) must a l s o  be considered i f  t h e  heat sh i e ld  is  

Sun-oriented. The traniiiittances fer sunl ight  should be made i d e n t i c a l  

i n  model and prototype. 

o r  fused s i l i ca ,  of low thermal conductivity,  some problems w i l l  be in t ro-  

duced i n  attempting t o  r e t a i n  t h e  same materials for o p t i c a l  purpoees 

and s c a l e  the  conductive paths. 

use d i s t o r t e d  geometry ( thickness  of the  window) t o  scale t h e  conductive 

pa ths  i n  accordance with Equations (23a and b) of Table 2. 

Since the  window w i l l  probably be made of g l a s s  

One s u i t a b l e  approach would be t o  

When the  heat  sh i e ld  is  removed, p a r t i c u l a r  a t t e n t i o n  must be paid 

t o  modeling t h e  geometry and sur face  o p t i c a l  p rope r t i e s  of t h e  TV 

camera and penetrometer, and the  conductive paths  t o  payload e l ec t ron ic s  

compartments. Since d e t a i l s  of t h i s  e n t i r e  configurat ion are not ava i lab le ,  
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it is  d i f f icul t  to  deternine the exact nature of problems, i f  any, 

that might exist in  modeling the capsule payload. 

expect the problems to be different than those which were succeeefully 

solved i n  the design of the thermal model of Mariner IV.  

However, we would not 
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V. Scaled-up Appendanes 

It has been suggested t h a t  thermal modeling techniques could be 

e f f e c t i v e l y  used t o  p red ic t  temperatures of small prototype components 

having l o w  internal power d i s s i p a t i o n s  by u s e  of increaeed-scale models. 

We have considered t h i s  p o s s i b i l i t y ,  taking as examples, small appendages 

on Mariner I V  with l o w  power d i s s i p a t i o s s .  A t y p i c a l  example is t h e  

magnetometer which has  a fu l l - sca l e  power d i s s i p a t i o n  of approximately 

1 w a t t  and is approximately 9'' long and 3" i n  diameter. 

s i g n  of t h i s  instrument required t h a t  t he  u n i t  be r a d i a t i v e l y  i so l a t ed ,  

t o  a degree,  from sun l igh t  and conductively i s o l a t e d  from t h e  spacecraf t  

bus. 

power d i s s ipa t ion .  

i n t e r n a l  power requirements. 

In Sect ion 111 of t h i s  r epor t ,  w e  discussed t h e  importance of 

The thermal de- 

The range of magnetometer temperatures w a s  set by t h e  internal 

Low emittance sur faces  were used t o  minimize t h e  

emit t i i f ice  coatrd i n  i g n l a t e d  appendages of t h i s  type. 

t h a t  t h e  percentage e r r o r  i n  temperature a r i s i n g  from a given percentage 

e r r o r  i n  emittance w a s  equal  t o  t h e  temperature e r r o r  a r i s i n g  from the  

same percentage e r r o r  i n  i n t e r n a l  power. 

It w a s  shown 

Accurate s imulat ion of i n t e r n a l  power d i s s i p a t i o n s  i n  even t h e  

m i l l i w a t t  range can be lcade i n  tests. However, i f  a prototype u n i t  is  

scaled-up, t he re  exists the  d i s t i n c t  p o s s i b i l i t y  t h a t  t h e  emittances i n  

model and prototype could not  be made i d e n t i c a l .  

ducing t h e  sur face  o p t i c a l  p roper t ies  would, i n  general ,  outweigh the  

e r r o r s  introduced i n  s imulat ing a low i n t e r n a l  power i n  a fu l l - sca l e  pro- 

totype.  

These e r r o r s  i n  repro- 

Furthermore, i f  a por t ion  of t h e  instrument o r  appendage was 
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covered with a mult i - layer  i n su la t ion ,  a scaled-up model would r equ i r e  

t h a t  t h e  thermal behavior of t h e  in su la t ion  be appropr ia te ly  modeled. 

Previous d iscuss ions  have shown t h a t  modeling of i n s u l a t i o n s  is not 

e a s i l y  accomplished. 

S i m i l a r  arguments aga ins t  scaling-up appendages can be made f o r  

o ther  t y p i c a l  cases such as the  high-gain antenna feed used on Mariner 

I V  which had an e f f e c t i v e  power d i s s i p a t i o n  of approximately 112 w a t t .  

I n  t h i s  case, the  temperatures of t h e  high-gain feed were extremely sen- 

s i t i v e  t o  u n c e r t a i n t i e s  i n  the  s o l a r  absorptance and emittance. 

For these  reasons,  the  u s e  of scaled-up conf igura t ions  w i l l  not 

be a p a r t i c u l a r l y  a t t r a c t i v e  technique un le s s  t h e  conf igura t ions  used 

on t h e  Voyager spacecraf t  a r e  considerably smaller i n  s i z e  than those 

used on Mariner I V  and have considerably less internal  power d i s s ipa t ion .  
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VI. Recommendation of Test Techniques 

The e n t i r e  subjec t  of simulation of t h e  thermal environment of outer  

space i n  ground t e s t i n g  has received considerable a t t e n t i o n  i n  t h e  lit- 

e ra tu re .  Er rors  assoc ia ted  with imperfect s o l a r  s imulat ion,  gas  conduc- 

t i o n  within vacuum chambers, etc.,  have been adequately defined. Wain- 

wright ,  e t  a l .  (1964), and o thers  have presented a d iscuss ion  of t he  

e f f e c t s  of f i n i t e  chamber wal l  temperature on t he  equi l ibr ium tempera- 

t u r e  of ob jec t s  t e s t ed  i n  a s imulat ion f a c i l i t y .  

Most of t he  s imulat ion chambers used i n  t e s t i n g  have w a l l s  cooled 

t o  near  l i q u i d  n i t rogen  temperature (77K) and a few f a c i l i t i e s  exist  with 

w a l l s  cooled t o  between 4 and 20K. The w a l l s  are t r ea t ed  t o  have a 

high absorptance for inc ident  r ad ia t ion  and are genera l ly  designed t o  be 

considerably l a r g e r  than t h e  test  objects .  These design c r i t e r i a  reduce 

t h e  temperature e r r o r s  introduced by ground-testing spacecraf t  (whose 

average tm+-cratt,xe m,ay be near room temperature) t o  a n e g l i g i b l e  value.  

For a chamber with w a l l s  having a high absorptance f o r  r ad ia t ion  and 

a test  ob jec t  s m a l l  with respec t  t o  the chamber dimensions, t h e  e r r o r  i n  

equi l ibr ium temperature is  re l a t ed  t o  the  w a l l  temperature by t h e  follow- 

ing  equat ion 

- = - -  AT 1 Lw 
4 4  

TO 
0 

T 

where T - temperature of t h e  test ob jec t  

T - w a l l  temperature of s imulat ion chamber 

0 

W 
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The temperature e r r o r s  f o r  var ious  w a l l  temperatures and test objec t  

temperatures are presented below, 

T - lOOK 
0 

T = 200K 
0 

T = 300K 
0 

0.32 1.1 8.8 T = 77K 
W 

Tw = 20K 0.04 

From t h i s  t abu la t ion  i t  may be seen t h a t  t h e  temperature e r r o r s  are only 

s i g n i f i c a n t  when t h e  test objec t  has  a low temperature. 

I n  t h e  s p e c i a l  case of t h e  Voyager capsule  which is  shielded from 

d i r e c t  sun l igh t  and w i l l  be in su la t ed  t o  have a low heat  leak ,  t h e  ex- 

t e r i o r  temperature of t h e  outermost l aye r  of i n s u l a t i o n  w i l l  be extremely 

low, and it  is  of i n t e r e s t  t o  compute t h e  e r r o r  i n  hea t  flow through a 

t y p i c a l  mult i - layer  i n su la t ion  blanket.  

l a t i o n  blanket  is maintained a t  a constant temperature T 

We w i l l  consider  t h a t  t h e  insu- 

on one s ide ,  
0 

corresponding t o  say t h e  interior 

ex te rna l  su r f ace  of t h e  insu- 

l a t i o n  r a d i a t e s  t o  a "black" 

s ink  represent ing  the  chamber 

w a l l .  The temperature of t h e  

s ink  w i l l  be var ied  t o  i l l u s -  

trate t h e  e f f e c t s  of w a l l  t em-  

pe ra tu re  on t h e  heat flow. An 

arrangement of t he  MLI is shown 

i n  t h e  diagram. I f  t h e  heat  

of the Bcyager capsule and t h a t  t h e  
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flow through t h e  in su la t ion  is dominated by r a d i a t i v e  effects, i . e . ,  

C - 0 ,  t h e  hea t  flow per  u n i t  area is given by 

Further ,  

so t h a t  

4 4 UT - aTn 

nv 
0 

4 -  

4 4 UT - aTs 
0 

4 =  1 

c -  

E -  

E -  
X 

n -  

4 -  

Q m -  

T -  
S 

P -  

nu + A 
E 
X 

where 

(VI-1) 

(VI-2) 

(VI-3) 

thermal c nductance between s h i e l d s  
(watts/cm 9 K) 
emittance of r a d i a t i o n  sh ie lds  

emittance of e x t e r i o r  sur face  of outer  sh i e ld  

number of rad iar ion  shie lds  

heat  flow p e r  u n i t  area (watts/cm ) 

maximum q corresponding t o  T 

2 

= 0 
S 

temperature of ou te r  (n t h  ) sh ie ld  (K) 

source temperature (K) 

s ink  temperature (K) 

r ad ia t ion  sh ie ld ing  f a c t o r  between two 

adjacent  sh ie lds  = - 2-E 
E 

If t h e  s ink  temperature, Ts, were zero,  t h e  corresponding heat f l ux  is a 

maximum, given by 
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4 UT 
(VI-4) 0 

nv + - 
X 

1 %l-  

c 

The f r a c t i o n a l  decrement i n  heat  f l ux  due t o  a s ink  temperatiire greater 

than zero  is  given by 

t -  

T 4  
0 

Qm 
(VI-5) 

This quan t i ty  represents  an e r r o r  i n  simulation s ince  black space has an  

e f f e c t i v e  temperature approaching 0. Equation (VI-5)  is  p lo t t ed  i n  Figure 

25  f o r  To - 300K. A heat  s ink  a t  LN2 temperature (77.4K) would introduce 

an e r r o r  i n  heat  f l u x  of only about 0.45%. 

When heat  is t r ans fe r r ed  between adjacent f o i l s  of MLI by conduction 

as w e l l  as r ad ia t ion ,  Equation (VI-1) must be modified t o  include t h e  addi- 

t i o n a l  f lux .  It becomes 

1 4 
n + C (To- Tn) 

L 

Combining t h i s  with Equation (VI-2) t o  e l imina te  

4 
UT 4 [ cX + &) + ; C Tn 

4 -- uTO 

nv n 

which can be used t o  determine T and, hence, q ,  

t u r e  and p rope r t i e s  (i.e., n, I.I, C and cX). 

n 

-:To] - 0  

(VI-6) 

f o r  given s i n k  tempera- 

Equations (VX-6) and (VI-7) were used t o  determine t h e  e f f e c t  of con- 

duction through MLI on t he  e r r o r  i n  heat  f l ux  caused by a heat  s ink  at INz 
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. 

temperature, r a t h e r  than  0 .  A t y p i c a l  case w a s  considered i n  which 

T = 300K 

n = 10 

E = 0.02, therefore ,  IJ = 99 

0 

2 C w a s  var ied  from 0 t o  3 x 

values  t h a t  w i l l  be r e a l i z e d  with ca re fu l ly  appl ied MLI.  

w/cm -K, a range which should encompass 

Equation (VI-7) cannot be solved e x p l i c i t l y ,  so w e  resor ted  t o  com- 

puter  ca l cu la t ions  us ine  Newton's method of successive approximations. 

The r e s u l t s  are shown i n  F igure26 ,  

conductance of MLI is indica ted .  It w a s  ca l cu la t ed  from measurements 

made with a tank calor imeter  t h a t  had been c a r e f u l l y  insu la ted  with 

KLI. 

and separated by a l ightweight  g l a s s  fabr ic .  The tank contained LN2 while 

t h e  e x t e r i o r  of t he  MLI w a s  exposed t o  a r a d i a t i o n  source at room tempera- 

t u re .  Figure 26 shows thst high E produces t h e  g r e a t e s t  e r ro r .  A t  

A t j-pica1 va lue  f o r  t h e  i n t e r - f o i l  

* 
The MLI consis ted of f i v e  mylar sh i e lds  aluminized on both s i d e s  

X 

high va lues  of t h e  conductance, t h e  e r ro r  i n  heat  f l u x  is  of the  order  of 

5% with a chamber w a l l  temperature of 77K. 

i n s u l a t i o n  is approximately watts/cm2 (0.32 Btu/hr-ft  ). For a 

Voyager capsule area of approximately 4.7 x l o5  cm2 (500 f t  ) t h e  heat  

The hea t  f l ux  through t h i s  

2 

2 

l eak  through t h e  bulk in su la t ion ,  excluding penet ra t ions ,  seams, etc., 

would be of t he  order of 50 w a t t s .  The e r r o r  i n  modeling t h e  heat  f l u x  

would be of t he  order of 3 w a t t s .  Therefore,  w e  would conclude t h a t  t h e  

* Advanced Studies  of Multi-Layer Insu la t ion  Systems, Second Quarterly 
Progress  Report, June 1 t o  August 31, 1965, ADL Report No. 67180-00-02. 
Prepared f o r  NASA Lewis Research Center, Contract NAS 3-6283. 
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e r r o r s  produces by using a conventional test chamber wi th  w a l l s  cooled 

t o  near  l i q u i d  n i t rogen  temperature would be negl ig ib le .  

The hea t  flow through supports and feedthroughs assoc ia ted  with an 

insu la t ion  system anti tiiroiigh certain types of i n su la t ion ,  such as 

evacuated g l a s s  f i b e r ,  w i l l  genera l ly  be dominated by s o l i d  conduction. 

For t h i s  case, t h e  heat  f l u x  per  un i t  area is obtainable  from 

Equations (VI-2) and 071-6) from the  previous sec t ion ,  by l e t t i n g  1.1 approach 

i n f i n i t y ,  so t h a t  only conductive heat  t r a n s f e r  between t h e  source and t h e  

sk in  remains, and by redefining an e f f e c t i v e  conductance, CE, so t h a t  

Equation (VI-6) becomes 

and equat ion (VI-2) remains 

4 q = E X (aTs - oT: ) 

(VI-6a) 

(VI-2) 

Note t h a t  T has been re ta ined  a6 a s)72!ml f o r  the sk in  temperature. n 

Equations (VI-6a) and (VI-2) have been solved f o r  Tn and q f o r  s ink  

temperatures of 0 and 77.4K and t h e  percentage decrease i n  heat  f l ux  

ca l cu la t ed ,  f o r  cX - 0.1 and 1.0 and a range of e f f e c t i v e  conductances. 

The r e s u l t s  are p lo t t ed  i n  Figure 27. 

f l u x  decrements and t h e  dashed curves t h e  sk in  temperatures f o r  t h e  var ious 

condi t ions.  

a va lue  f o r  C of 5 x 

The s o l i d  curves show t h e  heat  

As an example of how C 

E 

relates t o  other  system parameters, E 
2 w a t t s / c m  -OK produces a sk in  temperature i n  

space of about 67OK f o r  cx - 1.0 o r  113*K f o r  = 0.1. The heat  

p e r  u n i t  area f o r  t hese  two cases  a re  9.34 

w a t t s / c m  , and f o r  an ex te rna l  area of 5 x 2 

x lo-’ and 1.16 x 

10 cm (approximately 5 2  

f luxes 

500 f t 2 ) ,  
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the power dissipations are 46.7 and 58 watts, respectively. 

For those portions of the insulation system where radiation is 

unimportant and the conductance is reasonably high, w e  again see that 

the error intnoG-aceC by m e  of walls cooled t o  77K w i l l  be small. 
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Annotated Bibliopraphy 

The following bibliography conta ins  a number of  re ferences  on thermal 
s c a l e  modeling t h a t  have been presented i n  t h e  open l i t e r a t u r e .  
Abs t rac ts  of each re ference  are presented. 
s t r i c t e d  t o  t h e  subjec t  of thermal modeling of spacec ra f t ,  and the re -  
f o r e  does nct cmtain a l a rge  number of r e l a t e d  references on thermal 
s imi l i t ude  as appl ied  t o  heat  t r a n s f e r  problems i n  genera l .  Contrac- 
t o r s '  r epor t s  on thermal modeling s t u d i e s  sponsored government agencies  
have been excluded from the  bibliography because of t h e i r  l imi t ed  d i s -  
t r i b u t i o n .  

The bibl iography is re- 

Adkins, D .  L . ,  "Scaling of Transient Temperature Di s t r ibu t ions  
of Simple Bodies i n  a Space Chamber," AIAA Thermophysice Spec- 
i a l i s t  Conference, AIAA Paper No. 65-660, September (1965). 

Thermal sca l ing  of bodies with cycled i n t e r n a l  hea t  
sources  w a s  inves t iga ted  i n  a cold high vacuum environment. 
Modeling r e l a t i o n s  were derived and tests c a r r i e d  out  on 
two conf igura t ions .  The f i r s t  a r ray  of bodies cons is ted  of 
a f l a t  p l a t e ,  sphere and cy l inder  arranged i n  a c lose  network 
b u t  not i n  physical  contact  with each o t h e r .  The second 
system cons is ted  of two spheres connected by a c y l i n d r i c a l  
rod.  Mater ia l  and c h a r a c t e r i s t i c  temperatures were preser -  
ved between the  prototype and model. The experimental t r a n s -  
i e n t  temperature d i s t r i b u t i o n s  in  t h e  models were i n  agree- 
ment wi th  the  sca l ing  r e l a t i o n s .  

Beller, W . ,  "Goddard Seeks Scaling Laws t o  Cut Cost of 
Environmental Testing, ' '  Miss i les  and Kockecs, p p .  34,  35, 
J u l y  (1964). 

This a r t i c l e  b r i e f l y  mentions t h e  need f o r  thermal 
s c a l e  modeling t o  reduce t e s t i n g  c o s t s .  
is r a i sed  f o r  using sca l ing  techniques i n  pred ic t ing  mag- 
n e t i c  torques i n  s a t e l l i t e s :  

The p o s s i b i l i t y  

Birkebak, R. C . ,  Cremers, C .  J . ,  LeFebvre, E .  H . ,  "Thermal 
Modeling Applied t o  Animal Systems," ASME Paper N o .  
65-WA/HT-8, November (1965) . 

Predic t ions  of t he  heat  loss  from animal systems 
under t h e  inf luence of environmental a i r  temperature using 
thermal modeling techniques a r e  found t o  agree wi th  a v a i l -  
a b l e  experimental r e s u l t s .  To perform the  necessary experi-  
ments on heat  l o s s ,  over a va r i e ty  of environmental condi- 
t i o n s  f o r  a l l  spec ies  of i n t e r e s t ,  would be a formidable 
t a s k .  
d i f f i c u l t i e s  by t h e  use of basic hea t - t r ans fe r  equations 
and p rope r t i e s  and is suggested and examplified as an a l -  
t e snat  i ve  . 

The thermal modeling approach circumvents t hese  
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Chao, B. T., Wedekind, G. L., "Similarity Criteria for 
Thermal Modeling of Spacecraft," Journal of Spacecraft and 
Rockets, Vol. 2, No. 2, pp. 146-152, March-April (1965). 

General scaling criteria for thermal modeling of space- 
craft are deduced from governing equations of the temperature 
field for both two- and three-dimensional cases. Surfaces 
are assumed to be opaque and nondiffuse; variations of bulk 
thermal properties with temperature are considered. 
techniques, namely, temperature preservation and material 
preservation, are examined in detail. Difficulties of per- 
fect modeling are pointed out and possible compromises are 
suggested. For two-dimensional problems, a significant 
advantage may be obtained by employing models of distorted 
thickness. Control of apparent thermal conductivity of 
materials by slitting offers interesting possibilities for 
both steady and nonsteady simulation. 

Two 

Clark, L. G . , "Temperature Balance of Manned Space Stations ," 
NASA TN D-1504, pp . 21-31, August (1962) . 

Temperature control of a manned space station to main- 
tain a shirtsleeve environment is a requisite for optimum 
working conditions and comfortable living. The thermal 
behavior of a given space station can be solved either by 
computation or by model test; both methods are discussed. 

Model scaling theory and techniques for the experi- 
mental thermal analysis of two space-station configurations, 
m e  ZF. inflatable torus (30-foot diameter) and the other a 
rigid modular self-erecting hexagon (150-foot diameter), 
are presented. 

Characteristic experimental and calculated average 
wall temperature histories are presented for the torus 
station, whereas calculated inner and outer wall tempera- 
ture histories for two wall designs of the hexagonal sta- 
tion are also presented. 
are also included. 

Space radiator rejection rates 

Clark, L. G., Laband, K. A., "Orbital Station Tempera- 
ture Control," Astronautics, Vol. 7, No. 9, pp. 40-43, 
September (1962) . 

A setup for the experimental determination of the ther- 
mal behavior of scaled space-station models is described. 
The thermal similitude relations derived by Katzoff are 
presented. Instrumentation techniques for determining ther- 
mal behavior of spacecraft are discussed. 
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Folkman, N. R., Baldwin, F. L., Wainwright, J. 5., "Tests 
on a Thermally Scaled Model Space Station in a Simulated 
Solar Environment," AIM Paper No. 65-658, AIAA T h e m -  
physics Specialist Conference, September (1965). 

The physical size of space vehicles often makes full 
scale testiiig lizpractical; therefore, the development of 
thermal scaling techniques, as applied to models, offers an 
attractive solution when testing is required. The results 
of a test of a thermally scaled model space station subject 
to both steady state and cyclical transient solar environ- 
ments, along with the scaling criteria, testing methods, 
and an analytical approach to verification of results are pre- 
sented. 
dimensionless parameters which were matched between model 
and prototype in addition to preserving the geometry of both 
model and simulated radiation sources. The model was tested 
in a 5-fOOt diameter by 6-foot high space simulation chamber 
using a 40-inch diameter collimated solar radiation source. 
Earth emitted radiation was simulated for one test with an 
array of incandescent line sources. Solar transients were 
obtained by installing a water cooled shutter in the optical 
system of the solar simulator to provide an on-off step 
function. 
performed on the prototype and model. Analytical results 
for the model were correlated with test results to obtain 
evaluation of scaling parameters for the transient and 
steady -s  tat e environments . 

The scaling criteria were determined from four 

Three dimensional heat transfer analyses were 

Fowle, A. A., Gabron, F., Vickers, J .  M. F . ,  "Thermal Scale 
Modeling of Spacecraft: 
Journal of Spacecraft and Rockets, Vol. 3 ,  No. 4, April 
(1966). 

An Experiiiienta? Lmestigation," 

Experiments made in an exploratory development of the 
technique of thermal modeling for the testing of spacecraft 
are reported. Comparisons of equilibrium temperature measure- 
ments of a prototype and three scaled thermal models of a 
simulated spacecraft made within a "cold-wall" vacuum chamber 
form the basis of the investigation. A one-half and a one- 
fifth scale model of the prototype were built and tested to 
examine the applicability of a set of thermal modeling laws 
which specifies different materials of construction to achieve 
identical temperatures at homologous locations in model and 
prototype. A third model, also one-half scale, was built and 
tested to examine the application of another set of thermal 
modeling laws which allows the use of identical materials but 
predicts different temperature fields in model and prototype. 
The experimental results proved that either half -scale thermal 
model could be used to predict the temperatures of the proto- 
type configuration with an accuracy of approximately one percent 
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(3OC) of t h e  abso lu te  temperature l e v e l  of t h e  prototype.  
The experimental  r e s u l t s  obtained from the o n e - f i f t h  scale 
thermal model ind ica ted  that the prototype t e r a t u r e s  

to type  temperature l e v e l .  
could be p red ic t ed  t o  w i t h i n  t h r e e  percent  (10 em% C) of t h e  pro- 

Ggbrm3 F . I Johnson, R .  W .  , Vickers , J . M .  F . , "Thermal Sca le  
Modeling of a Modified Prototype of the Mariner Mars 64 
Spacecraf t ,"  A I M  Second Annual Meeting, A I M  Paper No. 
65-386, J u l y  (1965) . 

An experimental  i nves t iga t ion  dea l ing  wi th  the f i r s t  
known attempt t o  p red ic t  t h e  temperatures wi th in  an actual 
spacecraf t  by use of thermal s c a l e  modeling techniques is  
descr ibed .  The pro to type ,  used a s  a b a s i s  f o r  comparison, 
w a s  a nodi f ied  vers ion  of the  Mariner Mars 64 spacec ra f t .  
A one-half s c a l e  thermal model of t h e  prototype w a s  designed 
t o  provide temperature preserva t ion  a t  homologous loca t ions  
i n  model and pro to type .  Three separa te  thermal tests of the  
prototype spacecraf t  were completed i n  a vacuum chamber wi th  
l i q u i d  n i t rogen  cooled w a l l s .  
used i n  these  tests. Three independent tests of t he  thermal 
model were completed under condi t ions of thermal s imi l i t ude .  
Measurements of t h e  equi l ibr ium temperatures a t  f o r t y - s i x  
homologous loca t ions  i n  model and prototype are reported.  
Experimental r e s u l t s ,  obtained i n  independent tests of t h e  
model and pro to type ,  showed that more than 67 percent  of 
t he  temperatures corresponded within 5F, and 85 percent 
corresponded wi th in  1OF. The t e s t  r e s u l t s  are in t e rp re t ed  
wi th  respect  t o  f u t u r e  app l i ca t ions  of thermal ade? ing  
techniques,  and plans For exteiidfiig the i nves t iga t ion  of  
thermal s c a l e  modeling techniques t o  include tests i n  a 
simulated s o l a r  environment a r e  presented.  

Solar  s imulat ion w a s  not 

Gabron, F .  , Johnson, R.  W .  , Vickers,  J .  M .  F .  , Lucas, 
J .  W .  , "Thermal Sca le  Modeling of t he  Mariner IV Space- 
c r a f t , "  Third Aerospace Sciences Meeting, AIAA Paper No. 
66-23 , January (1966) . 

A h a l f - s c a l e  thermal model of t he  Mariner I V  space- 
c r a f t  was f ab r i ca t ed  and was t e s t ed  i n  a simulated s o l a r  
environment. The ove r -a l l  ob jec t ive  of t h e  experimental 
program was t o  determine t h e  f e a s i b i l i t y  of p red ic t ing  
equi l ibr ium temperatures i n  a complex f l i g h t  spacecraf t  from 
environmental s imulat ion t e s t s  of a small-scale  thermal model. 
The bas i s  f o r  determining the  f e a s i b i l i t y  of t h e  technique 
w a s  a comparison of scale-model temperatures, measured i n  
s o l a r  s imulat ion tests,  with temperature da ta  obtained dur- 
ing  t h e  recent  Mariner I V  f l i g h t  t o  Mars. Thermal t e s t s  
of the  model were conducted i n  t h e  10- x 6-foot diameter 
NASA Lewis Research Center Space Simulator which i s  equipped 
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with l i q u i d  n i t rogen  cooled wal l s  and a carbon a r c  l i g h t  
source.  Twenty temperature measurements were made a t  homo- 
logous loca t ions  i n  the  ha l f - sca l e  model and t h e  Mariner 
I V  spacec ra f t ;  these  measurements were made f o r  three simu- 
l a t e d  solar i n t e n s i t i e s  corresponding t o  t h e  98th,  180th,  
and 234th days of t he  Mariner I V  f l i g h t .  For t h e  three 
tests, 48 percent of the  mede? tenpera ture  measurements 
corresponded wi th in  1OF of t h e  Mariner I V  temperatures and 
85 percent were wi th in  25F. These r e s u l t s  show that equi- 
l ib r ium temperature pred ic t ions  made by use of small-scale 
thermal models t e s t e d  i n  environmental chambers can be 
successfu l ly  appl ied  t o  t h e  development of l a rge ,  complex 
spacecraf t  . 
Hrycak, P . , Unger, B .  A. , "General Criteria f o r  So la r  Simu- 
l a t i o n  and Model Test ing,"  I n s t i t u t e  of Environmental 
Sciences , 1964 Proceedings , Apri l  (1964) . 

I n  t h e  paper ,  q u a n t i t a t i v e  c r i t e r i a  of successful  solar 
s imulat ion as appl ied  t o  f u l l - s c a l e  and reduced-model test-  
ing are discussed.  
energy matching, s p e c t r a l  matching, co l l imat ion ,  uniformity,  
and r ep roduc ib i l i t y  of t he  s o l a r  s imula tor .  

A l s o ,  techniques f o r  measuring the  c r i t e r i a  are pre-  
sen ted ;  i n  p a r t i c u l a r  t he  ana lys i s  of a black b a l l  radio-  
meter is given. 

From the  governing d i f f e r e n t i a l  equat ion,  an ana lys i s  
of parameters to his considered i n  reduced-model t e s t i n g  is 
made. It is shown t h a t  i n  such t e s t i n g  the  s i m i l a r i t i e s  of 
t he  ex terna l  geometries a r e  of p a r t i c u l a r  importance. 

These cri teria are r e l a t e d  t o  over -a l l  

Jones ,  B .  P . , "Thermal Simil i tude Studies  , I 1  Journal  of Space- 
c r a f t  and Rockets, Vol. 1, No. 4 ,  pp. 364-369, July-August 
(1964) . 

One of the  i n i t i a l  ob jec t ives  of work i n  thermal s i m i -  
l i t u d e  is t o  determine modeling l a w s  and techniques which 
w i l l  f i nd  app l i ca t ion  in  thermal s ca l ing  of spacecraf t  and 
i n  research problems. Modeling l a w s  f o r  space vehic les  
a r e  derived from the  d i f f e r e n t i a l  equations used i n  p r a c t i c e  
f o r  thermal a n a l y s i s .  

prototype take  the  form of 28 r a t i o s  t h a t  must remain con- 
s t a n t .  However, a l l  of these  r a t i o s  a r e  not independent but 
contain independent s e t s  of s i x  r a t i o s .  An example of thermal 
s c a l i n g  i s  given in  which one independent set is  used. The 
general  results compare favorably with those of some i n v e s t i -  
ga to r s  who used o the r  methods. 
thermal t e s t i n g  a r e  discussed,  and the  usefulness  of thermal 
s c a l e  modeling as a s u b s t i t u t e  for f u l l - s c a l e  t e s t i n g  i s  

The necessary and s u f f i c i e n t  con- 
. d i t i o n s  f o r  complete thermal s i m i l a r i t y  between model and 

The purposes of f u l l - s c a l e  
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questioned. It is suggested that the  p r i n c i p l e s  of s imi-  
l a r i t y  and s c a l e  modeling may f i n d  the  most f r u i t f u l  
app l i ca t ion  i n  s p e c i a l  research problems. 

Jones ,  B .  P., Harrison,  3 .  K . ,  "A Set of Experiments i n  
Thermal S imi l i tude ,"  NASA Technical Memorandum ?M X-53346, 
October (1965) . 

The ana lys i s  and r e s u l t s  f o r  two sets of experiments i n  
thermal s c a l e  modeling a r e  presented. 
cons i s t  of a p l a t e ,  cy l inde r ,  and sphere exchanging thermal 
energy by r ad ia t ion  only.  They were located r e l a t i v e  t o  
one another  i n  an unsynunetrical arrangement. 

The experimental r e s u l t s  general ly  confirm t h e  modeling 
r u l e s ,  wi th  some exceptions i n  the  d e t a i l s ,  due l a rge ly  to 
an a p r i o r i  assumption made regarding t h e  volume p a r t i t i o n i n g  
of the  ob jec t s  t o  be modeled. 

The prototype and model 

Katz , A .  J . , "Thermal Test ing ,'I Space/Aeronaut i c s  , P a r t  11, 
pp. 30-34, October (1962). 

The dimensionless groups per ta in ing  t o  thermal scale 
modeling of spacecraf t  a r e  presented. A b r i e f  discussion 
of mater ia l s  and temperature preserva t ion  s c a l i n g  tech- 
niques i s  a l s o  presented.  

Katzof f ,  S., "Simili tude i n  Thermal Models of Spacecraft  ," 
NASA TN D-1631, A p r i l  (1963). 

Scal ing c r i t e r i a  for the design and t e s t i n g  of thermal 
models of spacecraf t  a r e  discussed. Four dimensioniess sinif- 
l i t u d e  parameters a r e  derived concerning r ad ia t ion ,  i n t e rna l  
heat  generat ion,  thermal conduct iv i t ies  of materials, and 
heat  capac i t i e s  of ma te r i a l s .  D i f f i c u l t i e s  i n  achieving 
accura te  s imulat ion a r e  pointed out and methods of e f f e c t i n g  
compromises without s e r ious ly  a f f e c t i n g  t h e  v a l i d i t y  of t h e  
da ta  a r e  suggested.  The most d i f f i c u l t  problems appear t o  
be the  accura te  sca l ing  of thermal conduct ivi ty  and heat  
capac i ty .  For manned spacecraf t ,  some add i t iona l  d i scuss-  
ion  is  given of s imi l i t ude  c r i t e r i a  f o r  t h e  convective 
heat  t r a n s f e r  . 
0' Sul l ivan ,  W .  J . , J r . ,  "Theory of A i rc ra f t  S t ruc tu ra l  
Models Subject t o  Aerodynamic Heating and External  Loads," 
NASA Technical Note 4115, September (1957). 

The problem of inves t iga t ing  the  simultaneous e f f e c t s  
of  t r a n s i e n t  aerodynamic heat ing and ex terna l  loads on a i r -  
c r a f t  s t r u c t u r e s  f o r  t h e  purpose of determining the  a b i l i t y  
of the  s t r u c t u r e  t o  withstand f l i g h t  t o  supersonic speeds is 
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s tud ied .  By dimensional analyses i t  is shown tha t :  

(a) A s t r u c t u r a l  model geometrically similar t o  t h e  
a i r c r a f t  and constructed of t he  same materials as t h e  air-  
c r a f t  w i l l  be thermally similar t o  t h e  a i r c r a f t  with respect 
t o  t h e  flow of heat  through t h e  s t r u c t u r e .  

(b) The therm1 s t r e s s e s  and deformations of t h e  struc- 
t u r a l  model w i l l  be similar t o  those of t h e  a i r c r a f t  when 
t h e  s t r u c t u r a l  model is constructed a t  t h e  same temperature 
as t h e  a i r c r a f t .  

(c) The stresses and deformations of t he  s t r u c t u r a l  
model due t o  ex te rna l  loads w i l l  be similar t o  those of t h e  
a i r c r a f t .  

(d) By aerodynamic means t h e  s t r u c t u r a l  model can auto- 
mat ical ly  be subjected t o  heating and cooling that c o r r e c t l y  
simulate t h e  aerodynamic heat ing of t h e  a i r c r a f t ,  except 
with respect t o  angular v e l o c i t i e s  and angular acce le ra t ions ,  
without requir ing determination of t h e  heat f l u x  a t  each 
po in t  on t h e  surface and i t s  v a r i a t i o n  with t i m e .  

and pressures a c t i n g  on the  aerodynamically heated s t r u c -  
t u r a l  model t o  those a c t i n g  on the a i r c r a f t  is  determined 
f o r  t he  case of zero angular ve loc i ty  and zero angular 
acce le ra t ion ,  so t h a t  t h e  s t r u c t u r a l  model may be subjected 
t o  t h e  ex te rna l  loads required f o r  simultaneous simulation 
of stresses and deformations due t o  ex te rna l  loads.  

(e) The s imi l i t ude  of aerodynamic fo rces ,  moments, 

Rol l ing,  R. E . ,  "Resii?ts of Transient Thermal Modeling i n  
a Simulated Space Environment ," AIAA Thennophysics S p e c i a l i s t  
Conference, AIAA Paper No. 65-659, September (1965). 

An experimental thennal s imi l i t ude  program is described 
and r e s u l t s  presented f o r  measurements on f u l l - s c a l e ,  h a l f -  
scale,  and quarter-scale  thermal models. Steady s t a t e  
and t r a n s i e n t  observations are presented i n  terms of f u l l -  
scale behavior. Model design, test condi t ions,  and test 
r e s u l t s  are described and necessary departures from r i g -  
orous compliance with the  scal ing c r i te r ia  discussed. 

Shanklin,  R.  V., "Thermal Simili tude Study of P a r a l l e l  
P l a t e s  Connected by a Conducting and Radiating Path," 
M .Sc . Thesis ,  University of Tennessee, Space I n s t i t u t e ,  
Arnold Engineering Development Center, Tennessee, June 
(1965) . 

Simi la r i ty  r a t i o s  f o r  thermal scale modeling are 
derived and the  r a t i o s  were used t o  design a model thermally 
similar t o  a prototype. The materials and surface p rope r t i e s  
of model and prototype were made i d e n t i c a l .  The temperature- 
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t i m e  h i s t o r y  of t he  model w a s  compared to t h e  temperature- 
t i m e  h i s t o r y  of t h e  prototype f o r  tests conducted i n  a 
thermal -vacuum chamber without s o l a r  s imulat ion.  

Shih,  C . ,  "Thermal S imi l i tude  of Manned Spacecraf t s  ," 
A I M  Third Aerospace Sciences Meeting, AIAA Paper No. 
66 -22, January (1966 j . 

A genera l  treatise i s  given on t h e  c r i t e r i a  f o r  thermal 
s i m i l i t u d e  of  a manned spacecraf t  i n  a labora tory  space 
chamber. The cr i ter ia  w e r e  derived from a general  heat  
propagation equat ion covering t h e  e f f e c t s  of r a d i a t i o n ,  con- 
vec t ion ,  and conduction. Thus, the  c o r r e c t  i n t e r - r e l a t i o n  
between the var ious  modes is  maintained. Discussions of 
p r a c t i c a l  app l i ca t ion  of such criteria are made, including 
some sound methods suggested by o thers  i n  the  p a s t .  Where 
exact  thermal modeling i s  i n f e a s i b l e  due t o  material thermal 
property r e s t r i c t i o n s ,  reasonable v i o l a t i o n  of some non- 
c r i t i ca l  s i m i l i t u d e  may be made i n  order  t o  s a t i s f y  t h e  
important c r i t e r i a .  
i n  terms of percent  of devia t ion  from t h e  t h e o r e t i c a l l y  
exact  s i m i l i t u d e  must be set f o r  each p a r t i c u l a r  ca se .  
Sometimes more than one model must be used. 
manned spacec ra f t  are considered: the g r a v i t a t i o n l e s s  
type and t h e  type wi th  a r t i f i c i a l  g rav i ty  of some magnitude. 
Some methods f o r  thermal modeling t h e  e f f e c t  of zero g rav i ty  
o r  d i f f e rence  of g rav i ty  on Earth and i n  space are discussed.  
The mechanism of thermal contact  conductance is examined 
t o  determine the procedure to be used i n  thermal modeling 
of mechanical joizts. 

A c r i t e r i o n  of t h e  allowable d i s t o r t i o n  

Two types of  

Ts ien ,  H .  S . ,  "Simi la r i ty  Laws f o r  S t r e s s ing  Heated Wings ,I1 

Journa l  of the  Aeronautical  Sciences,  Vol. 20, No. 1, pp. 
1-11, January (1953). 

It w i l l  be shown t h a t  the  d i f f e r e n t i a l  equatioca f o r  a 
heated p l a t e  wi th  l a rge  temperature grad ien t  and f o r  a s i m i -  
lar  p l a t e  a t  constant  temperature can be made t h e  same by a 
proper  modif icat ion of the thickness  and the loading f o r  t h e  
isothermal p l a t e .  This  f a c t  leads t o  t h e  r e s u l t  t h a t  the  
s t r e s s e s  i n  the  heated p l a t e  can be ca l cu la t ed  from measured 
s t r a i n s  on t h e  unheated p l a t e  by a series of r e l a t i o n s ,  c a l l e d  
t h e  " s i m i l a r i t y  l a w s . "  The app l i ca t ion  of t h i s  analog theory 
t o  s o l i d  wings under aerodynamic hea t ing  is discussed i n  
d e t a i l .  The loading on the  unheated analog wing i s ,  however, 
complicated and involves t h e  novel concept of feedback and 
"body force" loadings.  The problem of s t r e s s i n g  a heated 
box-wing s t r u c t u r e  can be solved by the  same analog method 
and is  b r i e f l y  discussed.  
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Vickers, J. M. F., "A Study of Thermal Scale Hodeling Tech- 
niques ," Jet Propulsion Laboratory, Technical Memorandum 
No. 33-153, September (1963) . (Also published in "Proceedings 
of Symposium on Aeroelastic and Dynamic Modeling Technology," 
RTD-TDR-63-4197, Part I, pp . 97-126, March (1964) .) 

The techniques which may be evslved from the basic 
laws of thermal scale modeling for spacecraft are described. 
All but two of these techniques can be rejected at once, 
since they require conditions which are very difficult to 
fulfill in practice. A comparison is drawn between the 
two remaining techniques, the technique of preserving tem- 
perature from prototype to model and of preserving materials 
from prototype to model. It is found that, for steady-state 
conditions, the technique of preserving temperature has 
inherent advantages over that of preserving materials, but 
that when transient conditions are to be modeled much of 
this advantage is lost. 

Vickers, J. M. E'., "Thermal Scale Modeling," Astronautics 
and Aeronautics, pp . 34-39, May (1965) . 

This paper contains a comprehensive review of what has 
been done and what work is in progress in the field. 

Wainwright, J. B., Kelly, L. R., Wallace, D. A., Keesee, 
T. H., "Modeling Criteria and Testing Techniques for the 
Simulation of Space Environments," Technical Report No. 
AFFDL-TR-64-164, Air Force Systems Comnand, Wright-Patterson 
Air Force Ease, Ortc?ber (1964). 

The report covers an investigation of the possibility 
of using scale modeling to simulate environmental stresses 
on a space vehicle. General scaling laws were derived for 
simulating solar and planetary radiation, reaction jets 
impinging on a vehicle surface and mechanical vibration. 
Distortions in the simulated-environment such as those pro- 
duced by imperfect radiation sources, residual test chamber 
gas and the near presence of chamber walls were evaluated 
relative to induced measurement errors. Thermal simulation 
and mechanical vibration experiments are described which 
were designed to demonstrate the utility of the derived tech- 
niques. 
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